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The  first  objective  of  this  work  was  to  investigate  the  potential  role  of  prolactin 
(PRL)  in  the  immunotoxic  action  of  the  xenobiotics  2,3,7,8-tetrachlorodibenzo-p-dioxin 
(TCDD)  and  cocaine.  TCDD  did  not  alter  PRL-immunoreactive  protein  production  by 
human  B  lymphocyte  cell  lines  nor  the  mitogenic  response  to  PRL  in  the  PRL-dependent 
Nb2  T  lymphoma  cell  line.  Lymphocyte  production  of  PRL-immunoreactive  proteins  was 
significantly  decreased  in  pregnant  rats  after  in  vivo  cocaine  treatment;  however,  decreased 
PRL-immunoreactive  protein  production  did  not  coincide  with  a  change  in  other  immune 
parameters  measured.  A  major  PRL-immunoreactive  protein  induced  after  mitogenic 
stimulation  of  rat  spleen  lymphocytes  was  found  not  to  be  a  structural  variant  of  PRL  but 
rather  was  identical  to  the  glycolytic  enzyme  aldolase  A.  In  summary,  although  prolactin 
has  been  reported  to  have  an  important  function  within  the  immune  system,  lymphocyte- 
derived  prolactin  does  not  appear  to  be  a  target  for  the  immunotoxic  actions  of  TCDD  or 
cocaine. 


The  second  objective  was  to  explore  the  use  of  human  B  lymphocyte  cell  lines  to 
characterize  the  responsiveness  of  human  B  lymphocytes  to  TCDD  and  to  determine 
potential  mechanisms  of  TCDD-mediated  immunotoxicity.  TCDD  did  not  significantly  alter 
spontaneous  cell  proliferation  or  immunoglobulin  G  production,  and  only  induced 
cytochrome  P-450  1A1  expression  in  one  of  two  human  B  cell  lines.  In  contrast,  TCDD 
did  alter  mRNA  levels  of  CD  19,  a  B  lymphocyte-specific  signal  transducing  molecule.  The 
aryl  hydrocarbon  receptor  (AhR)  recognized  a  B  lymphocyte  transcription  factor  DNA 
binding  site  in  the  promoter  region  of  the  human  CD  19  gene,  data  suggesting  a  possible 
mechanism  by  which  TCDD  could  modulate  CD  19  gene  expression.  Interestingly,  there 
were  quantitative  and  qualitative  differences  in  the  DNA-binding  form  of  the  AhR  between 
human  B  lymphocytes  and  the  HepG2  human  hepatoma  cell  line.  In  summary,  alteration 
of  CD19  expression  may  play  a  role  in  the  humoral  immunotoxicity  of  TCDD,  and 
furthermore,  the  B  lymphocyte  AhR  may  function  in  a  manner  different  from  what  has 
been  demonstrated  in  other  cell  types.  These  findings  have  implications  for  evaluating 
human  health  risks  associated  with  TCDD  exposure. 


CHAPTER  1 
INTRODUCTION 


Objectives  of  this  Research 


A  functional  immune  system  is  necessary  to  maintain  adequate  host  resistance  to 
infectious  diseases  and  malignancy.  Over  the  past  decade,  there  has  been  a  growing 
interest  in  the  importance  of  examining  the  immunotoxic  potential  of  xenobiotics  (Luster 
and  Rosenthal,  1993).  Most  experimental  techniques  used  in  immunotoxicological  studies 
are  based  on  the  ability  of  the  test  animal,  or  cell  cultures  derived  from  the  animal,  to 
respond  to  antigenic  stimuli.  The  response  usually  measured  is  some  effector  function. 
These  approaches  to  screening  xenobiotics  for  immunotoxicity,  though  efficient,  do  not 
offer  much  insight  into  putative  mechanisms  of  action,  and  in  some  instances  do  not 
correlate  with,  or  predict,  changes  in  host  resistance  (Luster  et  al.,  1993).  Since  a 
functional  immune  response  is  the  result  of  a  highly  complex  interplay  between  a  variety  of 
different  cell  types  and  the  many  different  effector  molecules  they  produce,  this  represents  a 
wide  array  of  potential  targets  for  immunotoxic  action.  In  addition,  this  complicates  the 
search  for  a  specific  mechanism  of  action.  This  dissertation  investigates  potential 
mechanisms  by  which  known  immunotoxic  xenobiotics  interfere  with  specific  signal 
transduction  pathways  and  responsiveness  in  lymphocytes. 

There  is  presently  substantial  evidence  that  prolactin  (PRL)  has  an  effector  role  in 
the  immune  system.  The  first  major  objective  of  this  research  was  to  examine  the  possible 
role  of  PRL  as  a  target  for  xenobiotic-induced  immunotoxicity.  These  studies  examined  the 
effect  of  immunotoxic  compounds  on  the  production  of  PRL  and  PRL-related  proteins  by 
normal  rat  lymphocytes  and  human  B  lymphocyte  cell  lines.  PRL-specific  responses  in 
lymphocytes  were  also  examined.    The  compounds  used  in  these  studies  were  the 


environmental  contaminant  2,3,7,8-tetrachlorodibenzo-p-dioxin  (TCDD),  and  the  drug  of 
abuse  cocaine.  The  immunotoxic  effects  of  TCDD  and  cocaine  have  been  well 
characterized,  but  a  precise  mechanism  of  action  for  each  is  still  unknown. 

Exposure  to  TCDD  has  been  described  in  numerous  reports  to  produce  changes  in 
proliferation  and/or  differentiation  in  normal  lymphocytes,  and  it  is  possible  these  changes 
are  the  result  of  altered  responses  to  extracellular  signals.  Furthermore,  much  less 
information  is  available  regarding  the  responsiveness  of  human  lymphocytes  to  TCDD. 
Therefore,  the  second  major  objective  was  to  investigate  whether  the  IM-9  and  PJS-9 1 
human  B  lymphocyte  cell  lines  express  the  AhR  and  if  so,  whether  these  cell  lines  respond 
to  TCDD  similar  to  normal  lymphocytes  and  other  cell  types.  Such  studies  provide  an 
opportunity  to  elucidate  possible  cellular  mechanisms  of  action  for  the  TCDD-induced 
alterations  in  human  B  lymphocytefunction. 

The  next  three  sections  of  this  Chapter  present  a  brief  review  of  the  current  literature 
regarding  the  role  of  PRL  in  the  immune  system  and  the  immunotoxic  effects  of  cocaine 
and  TCDD. 

PRL  and  the  Immune  System 

PRL  is  a  neuroendocrine  hormone  secreted  by  the  anterior  pituitary  gland.  There  is 
now  evidence  demonstrating  that  in  addition  to  the  pituitary,  PRL  is  produced  by  the 
placenta,  uterus,  brain  and  spinal  cord,  mammary  gland,  and  lymphoid  tissue  (Sinha, 
1995).  The  best  described  physiological  effects  of  PRL  are  on  the  mammary  gland  and 
reproductive  tissues;  however,  PRL  also  has  growth  promoting  effects  on  many  tissues 
(DeVlaming,  1979).  Thus  far,  only  one  gene  encoding  PRL  has  been  identified.  In 
mammals,  the  PRL  gene  encodes  a  229  amino  acid  precursor  polypeptide  which  is  cleaved 
to  generate  a  197-199  amino  acid  mature  PRL  molecule  with  a  molecular  weight  of 
approximately  23,000  (23K).  In  addition  to  the  23K  PRL  form,  several  other  forms  of 
PRL  can  be  detected  in  biological  samples  from  various  species  (Sinha,  1995).    PRL 


variants  of  16K,  2 IK,  25K,  45K,  and  >60K  have  been  identified.  PRL  does  undergo 
post-translational  modification,  and  it  is  likely  that  at  least  some  of  these  variants  result 
from  these  modifications.  Post-translational  modifications  which  have  been  documented 
include  deamidation,  cleavage,  phosphorylation,  sulfation,  glycosylation,  oligomerization, 
and  binding  to  plasma  proteins  (Sinha,  1995).  Interestingly,  some  of  these  variants  have 
been  shown  to  have  biological  activity  and  immunoreactivity  different  from  23K  PRL,  and 
levels  are  altered  during  different  pathological  and  physiological  states  (e.g.  sleep, 
pregnancy,  breast  feeding)  (Sinha,  1995).  It  is  currently  not  known  exactly  what  role  these 
PRL  variants  have  in  vivo,  and  future  research  will  determine  if  PRL  variants  are  uniquely 
responsible  for  some  of  the  diverse  physiological  effects  of  PRL. 

Immune  Effects  of  PRL  In  Vivo 

A  possible  role  for  PRL  in  the  immune  system  was  suggested  by  early  experiments 
where  hypophysectomized  (hypox)  animals  had  impaired  immune  responses  (Berczi  et  al., 
1981;  Nagy  and  Berczi,  1981;  Berczi  and  Nagy,  1982;  Nagy  et  al.,  1983;  Berczi  et  al., 
1984).  Similar  changes  were  observed  in  animals  treated  with  bromocriptine  (Nagy  and 
Berczi,  1981;  Berczi  et  al.,  1984),  a  dopamine  receptor  agonist  which  potently  inhibits 
pituitary  PRL  secretion.  These  alterations  included  decreased  production  of  IgG  and  IgM 
against  SRBCs  (Berczi  et  al.,  1981;  Nagy  et  al.,  1983),  inhibition  of  an  adjuvant  arthritis 
response  (Berczi  and  Nagy,  1982;  Berczi  et  al.,  1984),  and  a  decrease  in  the 
dinitrochlorobenzene  contact  hypersensitivity  response  (Nagy  and  Berczi,  1981;  Nagy  et 
al.,  1983).  These  responses  could  be  restored  by  syngeneic  pituitary  grafts  or 
administration  of  PRL,  and  in  some  cases,  growth  hormone  (GH)  was  nearly  as  effective 
(Nagy  et  al.,  1983;  Nagy  et  al.,  1984).  Additionally,  hypox  animals  suffered  from  anemia, 
leukopenia,  thrombocytopenia,  and  decreased  bone  marrow  RNA  and  DNA  synthesis, 
which  could  be  returned  to  levels  seen  in  control  animals  by  PRL  or  GH  treatment  (Nagy 
and  Berzci,  1989).  This  study  suggested  a  role  for  PRL  in  hematopoiesis;  and  subsequent 


work  further  demonstrated  that  in  hypox  animals  the  decreased  thymus  and  spleen  weights, 
as  well  as  DNA  synthesis  in  these  organs,  could  be  corrected  by  PRL  administration 
(Berczi  et  al.,  1991).  Other  investigators  have  used  the  DW/J  dwarf  mouse,  which  lack 
PRL  and  GH  producing  pituitary  cells,  and  has  numerous  immunological  defects  (Dumont 
et  al.,  1979).  PRL  treatment  of  these  dwarf  animals  immunized  with  keyhole  limpet 
hemocyanin  resulted  in  an  increase  in  the  number  and  proliferative  capacity  of  antigen- 
specific  lymph  node  T  cells  (Murphy  et  al.,  1993).  In  an  earlier  report,  however,  these 
authors  were  unable  to  correct  the  deficiency  of  mature  B  cells  in  the  bone  marrow  in  these 
animals  with  either  PRL  or  GH  administration  (Murphy  et  al.,  1992).  There  are  also 
reports  describing  decreased  splenocyte  mitogenic  responses  after  treatment  with 
bromocriptine  (Bernton  et  al.,  1988),  and  cysteamine  (Bryant  et  al.,  1989),  which  depletes 
pituitary  PRL  independent  of  dopamine  receptors  (Millard  et  al.,  1982).  In  both  cases, 
PRL  administration  partially  or  completely  restored  these  responses. 

Immune  Effects  of  PRL  In  Vitro 

It  has  been  more  difficult  to  demonstrate  direct  actions  of  PRL  on  normal 
lymphocytes.  In  mouse  splenocytes,  PRL  augmented  proliferation  induced  by 
concanavalin  A  (ConA),  phytohemagglutinin  (PHA),  and  alloantigen  (Montgomery  et  al., 
1988).  The  enhancement  of  mitogen-stimulated  proliferation  of  murine  splenocytes  was 
confirmed  by  one  group  (Spangelo  et  al.,  1987),  but  not  by  others  (Mukherjee  et  al.,  1990; 
Bernton  et  al.,  1991).  In  ovariectomized  rats,  however;  PRL  increased  splenocyte 
proliferation  when  added  alone  and  also  enhanced  the  mitogenic  response  to  interleukin-2 
(IL-2)  (Mukherjee  et  al..  1990).  PRL  has  been  shown  to  stimulate  the  cytotoxic  activity  of 
natural  killer  cells  purified  from  human  blood  (Matera  et  al.,  1990),  as  well  as  to  potentiate 
the  anti-IgM  +  IL-2-mediated  stimulation  of  IL-2  receptor  expression  and  immunoglobulin 
production  in  normal  human  B  cells  (Lahat  et  al.,  1993). 


The  best  characterized  actions  on  lymphoid  cells  have  been  described  using  rodent 
T  cell  lines.  These  are  the  rat  T  lymphoma  cell  line,  Nb2,  which  is  dependent  on  PRL  for 
growth  (Gout  et  al.,  1980),  and  the  mouse  helper  T  cell  clone,  L2.  In  Nb2  cells,  PRL 
induces  the  transcription  of  genes  for  c-myc,  P-actin,  an  HSP-70  homologue,  ornithine 
decarboxylase,  and  interferon  regulatory  factor- 1  (Yu-Lee,  1990;  Yu-Lee  et  al.,  1990).  In 
the  L2  cell  line,  PRL  is  required  in  the  nucleus  for  IL-2  driven  cell  proliferation  (Clevenger 
et  al.,  1991).  PRL  also  induces  interferon  regulatory  factor- 1  in  this  cell  line,  as  well  as 
enhancing  IL-2  stimulated  transcription  of  other  growth  related  genes  (Clevenger  et  al., 
1992).  Unfortunately,  no  studies  to  date  have  demonstrated  that  these  responses  occur  in 
response  to  PRL  in  normal  lymphocytes. 

PRL  and  PRL  Receptor  Expression  in  Lymphocytes 

Although  PRL  is  generally  thought  to  be  strictly  a  pituitary  gland-derived  hormone, 
PRL  is  also  produced  by  several  other  tissues,  including  cells  of  lymphoid  origin.  There 
are  now  many  reports  in  the  literature  describing  production  of  PRL  and  PRL-related 
proteins  by  both  human  and  rodent  lymphocytes.  The  first  demonstration  was  that  ConA- 
stimulated  murine  spienocytes  secreted  a  factor  which  cross  reacted  to  PRL  antiserum  and 
was  mitogenic  for  Nb2  cells  (Montgomery  et  al.,  1987).  Subsequently,  a  PRL  cross 
reactive  protein  was  identified  in  resting  mouse  spienocytes  by  immunocytochemistry,  and 
the  intensity  of  staining  was  increased  in  ConA-stimuiated  cells  (Kenner  et  al.,  1990).  In 
this  study,  western  blotting  of  lysates  from  ConA  treated  cells  revealed  a  Mr  48,000  PRL- 
immunoreactive  protein.  A  protein  of  this  size  was  also  noted  in  ConA-stimulated  murine 
spienocytes  and  after  proteolytic  cleavage  and  peptide  mapping  of  the  gel-purified  Mr 
46,000  band,  there  were  two  fragments  with  similarity  to  pituitary  PRL  (Shah  et  al., 
1991).  This  is  the  strongest  evidence  thus  far  that  a  higher  molecular  weight  lymphocyte 
PRL-immunoreactive  protein  is  structurally  related  to  PRL.  Also,  murine  thymocytes 
constitutively  expressed  Mr  33.000  and  35,000  PRL-immunoreactive  proteins,  and  a  Mr 


22,000  mitogen-inducible  PRL-immunoreactive  protein.  The  proteins  are  synthesized  in 
vitro  and  the  Mr  22.000  protein  is  secreted  into  the  media  (Montgomery  et  al„  1990). 

PRL-immunoreactive  proteins  have  also  been  identified  in  human  lymphocytes. 
Human  thymocytes  stimulated  with  ConA  synthesized  Mr  11,000,  21,000,  and  24,000 
PRL-immunoreactive  proteins  (Montgomery  et  al.,  1992),  while  peripheral  blood 
lymphocytes  (PBLs)  produced  a  Mr  27,000  protein  (Montgomery  et  al.,  1992),  a  Mr 
60,000  (Sabharwal  et  al.,  1992),  and  Mr  23,000  and  25,000  PRL-immunoreactive  proteins 
(Pellegrini  et  al.,  1992).  Among  human  cell  lines,  the  IM-9  B  lymphoblast  line  synthesizes 
and  secretes  PRL  (DiMattia  et  al.,  1988),  and  AG-876  and  Ramos,  two  Burkitt  lymphoma 
cell  lines,  also  produce  PRL-immunoreactive  proteins  (Baglia  et  al.,  1991;  Sabharwal  et 
al.,  1992).  It  is  important  to  note  that  none  of  the  identified  PRL-immunoreactive  proteins 
in  either  murine  or  human  cells  have  been  purified  or  sequenced,  so  the  relation  to  pituitary 
PRL  is  uknown.  However,  in  three  reports  RT-PCR  was  used  to  amplify  PRL  mRNA 
from  ConA-stimulated  human  thymocytes  (O'Neal  et  al.,  1992),  human  PBLs  (Sabharwal 
et  al.,  1992),  and  purified  human  T  and  B  cells  from  peripheral  blood  (Pellegrini  et  al., 
1992).  These  results  confirmed  that  the  PRL  gene  is  expressed  in  lymphocytes. 

Clearly,  mouse  and  human  lymphocytes  are  capable  of  producing  PRL,  which  may 
act  in  an  autocrine/paracrine  fashion  to  maintain  lymphocyte  growth  and/or  function.  A 
necessary  part  of  this  model  is  the  presence  of  specific  PRL  receptors  (PRL-R)  on  immune 
cells.  Indeed,  PRL-R  gene  expression  has  been  demonstrated  by  RT-PCR  in  human  T  and 
B  lymphocytes  (Pellegrini  et  al„  1992),  and  mouse  thymocytes  and  splenocytes  (O'Neal  et 
al.,  1991).  Recently,  PRL-R  have  also  been  identified  by  flow  cytometry  on  rat 
splenocytes  (Viselli  and  Mastro,  1993),  and  mouse  thymus,  spleen,  bone  marrow,  lymph 
node,  and  blood  lymphocytes  (Gagnerault  et  al.,  1993).  The  recent  findings  that  the  Nb2 
PRL-R  is  associated  with  and  can  activate  the  serine-threonine  kinase  Raf-1  (Clevengeret 
al„  1994)  and  the  tyrosine  kinase  Jak-2  (Rui  et  al.,  1994),  which  have  been  shown  to  be 
involved  in  the  signal  transduction  pathway  for  several  hematopoetic  growth  factors 


(Horseman  and  Yu-Lee,  1994),  is  a  further  suggestion  that  PRL  is  likely  to  play  a  role  in 
lymphocyte  function. 

Immunomodulation  bv  Cocaine 

The  tropane  alkaloid  cocaine,  extracted  from  the  leaves  of  the  coca  plant, 
Ervthroxvlon  coca,  is  a  powerful  local  anesthetic  by  virtue  of  the  ability  to  block  sodium 
channels.  Another  well  documented  effect  of  cocaine  is  competitive  inhibition  of  the 
reuptake  of  catecholamine  (norepinephrine  and  dopamine)  and  serotonin  neurotransmitters 
at  nerve  endings  (Ritchie  and  Greene,  1990).  Cocaine  also  alters  the  plasma  levels  of  many 
neuroendocrine  hormones  including  ACTH,  (3-endorphin,  corticosterone,  and  PRL  (Van  de 
Kar,  1992).  The  mechanism  of  immunomodulation  of  cocaine  is  unknown  at  present,  but 
it  is  interesting  to  note  that  all  of  the  above  hormones  have  been  ascribed  some  sort  of 
immunomodulatory  role,  and  alteration  in  the  level  of  these  hormones  may  account  for  at 
least  some  of  the  effects  of  cocaine  on  the  immune  system.  The  emerging  awareness  of  the 
reciprocal  interplay  between  the  neuroendocrine  and  immune  systems  has  led  to  the 
proposal  that  many  compounds  may  lead  to  immunotoxicity  secondary  to  a  perturbation  of 
neuroendocrine  function  (Fuchs  and  Sanders,  1994).  With  this  in  mind,  it  is  reasonable  to 
hypothesize  that  disruption  of  neuroendocrine  hormone  production  by  cocaine  could  be 
responsible  for  some  of  the  effects  of  cocaine  on  the  immune  system. 

Cocaine  use  has  been  associated  with  increased  occurrence  of  several  types  of 
infections  (Richter,  1993),  some  of  which  are  likely  the  result  of  tissue  damage  at  the  site 
of  exposure  to  the  drug  or  lifestyle  modifications  (poor  nutrition  and  sexual  promiscuity). 
However,  there  have  been  epidemiological  studies  revealing  an  association  between  cocaine 
use  and  seropositivity  for  human  immunodeficiency  virus  (HIV)  (Chaisson  et  al„  1989; 
Anthony  et  al.,  1991)  ,  that  upon  multiple  regression  analysis,  could  not  be  accounted  for 
by  such  confounding  factors  as  needle  sharing  or  sexual  habits  (Anthony  et  al.,  1991). 
Interestingly,    cocaine    was    recently    shown    to    increase    HIV    replication    in 


phytohemagglutinin  (PHA)  and  cytomegalovirus  activated  human  PBLs  and  this  effect 
could  be  prevented  by  including  antibodies  to  transforming  growth  factor-P  (TGF-P)  or 
tumor  necrosis  factor-rx  (TNF-a)  (Petersen  et  al.,  1991;  Peterson  et  al.,  1992). 

There  is  further  evidence  that  cocaine  alters  immune  function  directly  with  jn  vitro 
exposure.  Cocaine  is  capable  of  affecting  mitogen-stimulated  proliferation  of  human  PBLs 
and  mouse  splenocytes.  Very  high  concentrations  (>25  ug/ml)  were  required  to  decrease 
optimal  ConA  (Klein  et  al.,  1988;  Delafuente  and  Devane,  1991),  or  PHA  (Klein  et  al., 
1988)  stimulation  of  proliferation  in  human  and  mouse  lymphocytes.  Another  study 
reported  no  effect  of  cocaine  on  PHA  stimulation  of  human  or  mouse  cells  at  concentrations 
up  to  32  ug/ml  (Luo  et  al.,  1992).  When  suboptimal  concentrations  of  PHA  were  used, 
there  was  a  slight  decrease  in  proliferation  and  calcium  mobilization  in  T  cell  enriched 
human  PBLs  at  lower  (<10  U.M)  concentrations  of  cocaine  (Klein  et  al.,  1993).  These 
effects  could  be  overcome  by  increasing  the  concentration  of  PHA  or  using  unseparated 
PBLs,  suggesting  that  T  lymphocytes  are  a  sensitive  target  of  cocaine.  In  another  report, 
cocaine  potentiated  proliferation,  IL-2  secretion,  and  calcium  mobilization  in  purified 
human  peripheral  blood  T  cells  stimulated  with  an  antibody  to  the  CD3  component  of  the  T- 
cell  receptor  (Matsui  et  al.,  1992). 

In  vivo  studies  with  cocaine  have  been  carried  out  almost  exclusively  with  mice  and 
the  results  of  these  studies  are  often  contradictory.  Some  of  the  reported  changes  include 
decreased  thymocyte  numbers  (Ou  et  al.,  1989;  Di  Francesco  et  al.,  1992;  Lopez  et  al., 
1992),  decreased  natural  killer  cell  activity  and  in  vitro  generated  cytotoxic  T  cell  activity 
(Di  Francesco  et  al.,  1992),  and  decreased  splenocyte  cytokine  production  (Di  Francesco  et 
al.,  1992;  Lopez  et  al.,  1992).  Antibody  responses  are  also  affected  by  cocaine  treatment. 
There  are  several  reports  of  decreased  antibody  forming  cells  specific  for  sheep  red  blood 
cells  (SRBCs),  aT-dependent  antigen  (Faith  and  Valentine,  1983;  Holsapple  and  Munson, 
1985;  Ou  et  al.,  1989).  In  another  study,  high  doses  of  cocaine  (40-50  mg/kg)  given 
several  times  a  day  increased  antibody  responses  to  both  T-independent  and  T-dependent 


antigens,  however;  a  lower  dose  was  ineffective  in  altering  this  response  (Havas  et  al., 
1987).  In  rats,  a  T-independent  antibody  response  was  increased,  while  a  T-dependent 
response  was  increased  only  at  low  doses,  and  decreased  at  the  highest  dose  (Bagasra  and 
Forman,  1989).  Also  in  this  study,  there  was  a  decrease  in  spleen  T  cells  and  an  increase 
in  spleen  activated  B  cells  which  may  partially  explain  the  observed  alterations  in  antibody 
responses.  Host  resistance  to  a  tumor  cell  challenge  was  reported  decreased  (Ou  et  al., 
1989)  or  unchanged  (Havas  et  al.,  1987),  while  resistance  to  a  bacterial  challenge  (S, 
pneumoniae)  was  reported  unaffected  (Havas  et  al.,  1987).  Since  the  experimental  design 
in  the  studies  cited  above  are  in  all  but  a  few  cases  very  different,  it  is  difficult  to  draw 
conclusions  on  possible  target  cells  or  mechanisms.  However,  it  is  clear  that  cocaine  can 
alter  many  aspects  of  immune  function  and  warrants  further  investigation. 

Biological  Effects  of  TCDD 

General  Effects  of  TCDD 

TCDD  is  the  prototype  compound  for  a  large  and  diverse  group  of  chemicals 
referred  to  as  halogenated  aromatic  hydrocarbons  (HAHs),  which  include  polychlorinated 
dibenzodioxins  (PCDDs),  polychlorinated  dibenzofurans  (PCDFs),  and  polychlorinated 
biphenyls  (PCBs).  TCDD  is  a  ubiquitous  environmental  contaminant  and  is  produced  in 
the  manufacture  and  combustion  of  various  chlorinated  chemicals.  The  sources  of  release 
of  TCDD  into  the  environment  are  primarily  anthropogenic,  although  some  PCDDs  and 
PCDF  are  produced  during  forest  fires  (Vanden  Heuvel  and  Lucier,  1993).  The  major 
source  of  these  compounds  is  from  municipal  and  medical  waste  incinerators,  with  some 
HAHs  produced  during  pulp  bleaching,  as  intermediates  in  the  manufacture  of  chlorine- 
containing  chemicals,  and  in  the  combustion  of  other  organic  materials  (Vanden  Heuvel  and 
Lucier,  1993).  The  estimated  human  exposure  to  PCDDs  arid  PCDFs  is  1-3  pg/kg/day  and 
the  half-life  of  TCDD  is  5-10  years  in  humans  and  10  years  in  soil  (Vanden  Heuvel  and 
Lucier,  1993).    TCDD  exerts  a  wide  spectrum  of  toxic  effects  in  laboratory  animals. 
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Among  these  are  immunotoxicity,  tumor  promotion  in  liver  and  skin,  developmental 
toxicity  and  teratogenicity,  male  and  female  reproductive  toxicity,  epithelial  hyperplasia, 
and  carcinogenicity  (primarily  in  the  liver  and  thyroid  gland)  (Vanden  Heuvel  and  Lucier, 
1993).  The  only  clearly  documented  toxic  response  to  TCDD  in  humans  is  chloracne,  a 
condition  characterized  by  hyperkeratization  of  the  skin,  although  there  is  some  evidence 
for  immunotoxicity,  an  increased  risk  of  cancer,  and  developmental  toxicity  (Silbergeld  and 
Gasiewicz,  1989) 

A  schematic  illustrating  the  current  model  of  TCDD  action  is  shown  in  Fig.  1-1. 
TCDD  acts  by  binding  with  high  affinity  to  an  intracellular  protein,  termed  the  aryl 
hydrocarbon  receptor  (AhR).  Although  TCDD  is  the  highest  affinity  ligand  known, 
originally  thought  to  have  a  binding  affinity  in  the  subnanomolar  range  but  now  believed  to 
be  in  the  picomolar  range  (Bradfield  et  al.,  1988;  Landers  and  Bunce,  1991),  other  HAHs 
also  bind  to  the  AhR  (Hankinson,  1995).  Some  PCDDs,  PCDFs,  PCBs,  aromatic  amines 
and  indolecarbazole  derivatives  all  have  appreciable  affinity  for  the  AhR.  The  unoccupied 
and  inactive  AhR  is  located  in  the  cytosol  complexed  with  the  heat  shock  protein,  hsp90, 
and  possibly  other  proteins  (Okey  et  al.,  1994).  Ligand  binding  activates  the  AhR, 
promoting  the  release  of  hsp90  and  allowing  the  AhR  to  associate  with  another  protein,  the 
aryl  hydrocarbon  nuclear  translocator  (ARNT).  Both  the  AhR  and  ARNT  are  members  of 
the  basic  helix-loop-helix  family  of  transcription  factors  (Hoffman  et  al.,  1 99 1 ;  Burbach  et 
al.,  1992;  Ema  et  al.,  1992).  The  AhR-ARNT  heterodimer  (referred  to  hereafter  as  the 
AhR  complex)  is  the  transcriptionally  active  form  of  the  AhR  and  binds  to  specific  DNA 
sequences  termed  dioxin  response  elements  (DREs)  containing  the  consensus  sequence 
TNGCGTG  (Whitlock,  1993).  The  hallmark  response  to  TCDD  is  transcriptional 
induction  of  the  cytochrome  P-450  1A1  gene  (CYP1A1).  TCDD-dependent  transcription 
of  C YP 1 A 1  and  genes  for  other  drug  metabolizing  enzymes  is  mediated  by  binding  of  the 
AhR  complex  to  DREs  present  in  the  5'  flanking  region  (Okey  et  al.,  1994).  There  are 
reports  of  several  other  genes  being  regulated  by  TCDD,  including  the  growth  regulatory 


genes  transforming  growth  factor-a,  TGF-|31  and  2,  IL-lp,  plasminogen  activator 
inhibitor-2,  the  epidermal  growth  factor  receptor,  and  c-fos  and  c-jun;  however,  there  is  as 
yet  no  conclusive  evidence  that  these  genes  are  under  direct  transcriptional  control  by  the 
AhR  (Okey  et  al„  1994;  Hankinson,  1995). 

It  is  generally  accepted  that  the  toxicity  of  TCDD  is  mediated  by  the  AhR.  The  two 
approaches  classically  used  to  determine  if  a  specific  response  is  mediated  by  the  AhR  are 
genetic  and  pharmacological.  The  genetic  approach  involves  the  use  of  strains  of  mice,  or 
the  different  complementation  groups  of  the  Hepa-1  murine  hepatoma  cell  line,  that  vary  in 
their  susceptibility  to  TCDD  (as  measured  by  the  induction  of  CYP1A1 ).  The  classic  high 
responder  mouse  strain  is  the  C57BL/J6  mouse  which  has  an  AhR  with  a  10-fold  higher 
affinity  for  TCDD  than  the  classic  low  responder  strain  DBA/2  (Hankinson,  1995). 
Demonstration  that  a  toxic  response  segregates  with  the  high  responder  mouse  strain  (or  the 
proper  complementation  group  of  the  Hepa  lc  cell  line)  is  accepted  as  evidence  that  the 
response  in  question  is  mediated  by  the  AhR.  The  pharmacological  approach  uses  the 
structure-activity  relationship  for  AhR  ligands  with  affinities  lower  than  TCDD.  In  this 
case,  lower  affinity  ligands  should  require  higher  concentrations  to  elicit  a  particular  toxic 
response  (if  at  all).  Another  pharmacological  approach  is  to  use  AhR  antagonists  to  block  a 
toxic  response;  however,  recent  evidence  has  shown  this  method  to  be  less  conclusive 
since  the  AhR  "antagonists"  identified  thus  far  also  have  partial  agonist  activity.  There  is 
some  evidence  suggesting  non-Ah  receptor  dependent  events  in  TCDD-induced  toxic 
responses  (Landers  and  Bunce,  1991;  Okey  et  al.,  1994),  however;  these  are  not  well 
characterized  and  not  will  be  addressed  further. 

Over  20  years  ago,  it  was  demonstrated  that  TCDD  could  cause  atrophy  of  the 
thymus  in  mice,  rats,  and  guinea  pigs  (Vos  et  al.,  1973).  Since  the  thymus  is  where  T  cell 
maturation  occurs,  these  initial  observations  lead  to  many  studies  on  the  effects  of  TCDD 
on  cellular  immunity  (T  cell-mediated),  as  well  as  other  aspects  of  the  immune  system. 
These  studies  have  generated  a  very  large  database  from  which  to  design  future 
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investigations  aimed  at  characterizing  a  specific  mechanism  of  action  for  TCDD.  From  the 
data  compiled  thus  far,  it  is  clear  that  TCDD  is  capable  of  altering  cell  mediated,  humoral, 
as  well  as  innate  immunity  with  varying  sensitivity  (Holsapple,  1991).  The  degree  of 
immunotoxicity  and  the  components  of  the  immune  system  affected  have  been  recognized 
to  differ  with  the  species  being  tested  (the  mouse  is  by  far  the  most  commonly  used), 
although  there  are  clearly  some  effects  in  all  species  tested.  The  in  vivo  humoral 
immunotoxicity  of  TCDD  also  varies  with  the  time  of  exposure.  Effects  on  cell-mediated 
immunity  are  especially  pronounced  after  prenatal  or  perinatal  exposure,  while  changes  in 
humoral  immunity  are  most  apparent  after  adult  exposure  (Holsapple,  1991).  The  role  of 
the  AhR  in  the  immunotoxicity  of  TCDD  is  well  established,  however;  as  with  other 
responses  to  TCDD,  there  is  some  evidence  that  TCDD  may  elicit  immunotoxic  responses 
through  non-AhR  dependent  mechanisms  (Holsapple  et  al.,  1986;  Kerkvliet  et  al.,  1990; 
Davis  and  Safe,  1991 ;  Kerkvliet  and  Burleson,  1994).  It  remains  controversial  as  to  what 
role  these  may  play  in  the  immunotoxicity  seen  with  TCDD  exposure,  nor  is  it  clear 
whether  both  Ah  receptor  dependent  and  independent  events  are  important  within  the  same 
cell. 

Effects  of  TCDD  on  Humoral  Immunity  and  B  Lymphocytes 

TCDD  exposure  results  in  a  decrease  in  serum  antibody  levels  and  stimulated 
antibody  production  (Thomas  and  Hindsill,  1979;  Hindsill  et  al.,  1980;  Vecchi  et  al.,  1980; 
Clark  et  al.,  1981;  Kerkvliet  et  al.,  1985).  These  effects  occur  in  the  absence  of 
appreciable  effects  on  lymphoid  organ  size,  cell  number,  or  cell  viability.  One  of  the  most 
sensitive  endpoints  of  TCDD  toxicity  described  to  date  is  inhibition  of  the  antibody 
response  to  SRBCs  in  responsive  mouse  strains  (Davis  and  Safe,  1988;  Holsapple  et  al., 
1991;  Narasimhan  et  al.,  1994).  Inhibition  of  the  SRBC  antibody  response  results  after  as 
little  as  a  single  dose  of  0.1  ug/kg  in  the  C57/BL6  mouse  (Davis  and  Safe,  1988),  a  dose 
several  fold  lower  than  that  required  to  produce  thymic  atrophy.  SRBC  is  considered  to  be 
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a  T-dependent  antigen  because  a  functional  antibody  response  requires  the  presence  of 
competent  B  cells,  macrophages,  and  T  cells  (Mosier  and  Coppelson,  1968).  Because  of 
the  requirement  for  T  cells  in  the  SRBC  antibody  response  and  earlier  work  showing 
significant  effects  of  TCDD  on  T  cell  mediated  responses,  some  authors  have  suggested 
that  inhibition  of  the  antibody  response  is  the  result  of  a  primary  effect  of  TCDD  on  T  cells. 
Further  work,  however,  demonstrated  that  antibody  responses  to  the  T-independent 
antigens  TNP-LPS  and  DNP-Ficoll  were  suppressed  in  a  similar  fashion  as  the  SRBC 
response  over  the  same  dose  ranges  of  TCDD  (Dooley  and  Holsapple,  1988).  The 
suppression  of  T-independent  antibody  responses  has  been  reported  by  others  (Vecchi  et 
al.,  1980;  Luster  et  al.,  1988;  House  et  al.,  1990).  In  a  series  of  separation/reconstitution 
experiments  using  B  or  T  cells  isolated  from  control  and  treated  mice  and  reconstituted  in 
various  combinations,  it  was  shown  that  the  B  lymphocyte  is  the  primary  target  of  TCDD 
(Dooley  and  Holsapple,  1988;  Dooley  et  al.,  1990).  This  evidence  supports  the  hypothesis 
that  TCDD  is  capable  of  directly  affecting  B  cells,  and  strongly  suggests  that  effects  on  the 
B  cell  may  be  responsible  for  the  suppression  of  antibody  response  after  TCDD  exposure. 

With  evidence  that  the  B  cell  is  a  primary  target  for  TCDD  in  vivo,  several  groups 
have  characterized  the  direct  effects  of  TCDD  on  B  cells  stimulated  in  vitro  with  various 
mitogens  and  growth  factors.  Interestingly,  the  ability  of  TCDD  to  alter  B  cell  responses 
was  found  to  differ  with  the  method  used  to  stimulate  the  cells.  Pokeweed  mitogen  (PWM) 
stimulates  proliferation  and  immunoglobulin  production  in  human  and  mouse  spleen, 
tonsil,  and  peripheral  blood  B  cells  as  long  as  macrophages  and  T  cells  are  present. 
TCDD,  at  concentrations  of  0.3-30  nM,  had  no  effect  on  PWM-stimulated  proliferation  or 
immunoglobulin  production  by  mouse  splenocytes  or  human  tonsillar  lymphocytes  (Wood 
et  al.,  1992).  In  this  same  study,  however,  background  proliferation  was  significantly 
suppressed  at  all  concentrations  of  TCDD  in  both  mouse  and  human  lymphocytes.  These 
same  authors  also  investigated  the  effect  of  TCDD  on  toxic  shock  syndrome  toxin  (TSST- 
1)  stimulated  proliferation  and  immunoglobulin  production  in  human  tonsillar  B 
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lymphocytes.  TSST-1  is  an  exotoxin  secreted  by  Staph,  aureus  which,  in  the  presence  of 
irradiated  T  cells,  forms  a  "bridge"  between  the  T  cell  receptor  and  MHC  Class  II 
molecules  on  B  cells.  This  cross-linking  stimulates  proliferation  and  differentiation  of  B 
cells  (Mourad  et  al.,  1989).  TCDD  had  no  effect  on  TSST-1  stimulated  proliferation,  but 
inhibited  IgM  production  by  approximately  75%  at  a  concentration  of  0.3  nM  (Wood  and 
Holsapple,  1993).  In  another  study,  purified  murine  splenic  B  cells  were  exposed  to  1-50 
nM  TCDD  and  stimulated  with  anti-IgM  alone  or  together  with  either  B  cell  growth  factor 
(BCGF)  or  T  cell  replacing  factor  (TRF)  (Luster  et  al.,  1988).  Antibodies  to  surface  IgM 
crosslink  the  B  cell  antigen  receptor  and  mimic  the  signal  delivered  when  the  B  cell 
encounters  antigen.  Anti-IgM  alone  only  stimulates  proliferation  but,  when  combined  with 
the  helper  T  cell  derived  products  BCGF  or  TRF,  leads  to  immunoglobulin  production 
(Jelinek  and  Lipsky,  1987).  The  cytokines  IL-4  and  IL-5  are  now  known  to  be  the  active 
proteins  in  these  earlier  BCGF  and  TRF  preparations,  respectively,  although  other  proteins 
are  also  present.  TCDD  had  no  effect  on  anti-IgM  stimulated  inositol  phosphate  formation, 
or  anti-IgM  +  BCGF-stimulated  RNA  and  DNA  synthesis  (Luster  et  al.,  1988). 
Additionally,  when  TCDD-treated  cells  were  stimulated  with  anti-IgM  +  BCGF  +  TRF, 
there  was  a  dose  related  suppression  of  IgM  production.  TCDD  also  decreased  expression 
of  the  plasma  cell  surface  marker  PC. 2  without  affecting  expression  of  MHC  Class  II 
antigen  (la).  These  results  implied  that  proliferation  and  activation  of  B  cells  (as  measured 
by  increased  expression  of  la)  were  minimally  affected  by  TCDD,  but  differentiation  into 
plasma  cells  (measured  by  PC.2  expression)  was  impaired  by  TCDD  exposure.  Similar 
results  were  also  noted  in  human  B  cells  (Wood  et  al.,  1993).  In  these  experiments,  the 
proliferative  response  of  purified  low  density  (preactivated)  human  tonsillar  B  lymphocytes 
(HTLs)  to  LPS  +  TRF  was  suppressed  25%  by  30  nM  TCDD.  Lipopolysaccharide  (LPS) 
+  TRF-stimulated  IgG  secretion  in  these  cells  was  also  inhibited  to  a  similar  extent  by 
TCDD.  When  high  density  (resting)  HTLs  were  stimulated  with  anti-IgM  and  BCGF,  with 
or  without  TRF,  TCDD  had  no  effect  on  proliferation.  These  experiments  suggest  that  the 
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effect  of  TCDD  on  B  cell  responsiveness  to  stimulatory  factors  varies  with  the  activational 
state  of  the  cell.  B  cells  also  respond  to  certain  growth  factors  only  during  specific  stages 
of  activation  and  development  (Bancherau  and  Rousset,  1993).  A  possible  explanation  of 
these  findings  is  that  the  effects  of  TCDD  on  the  B  cell  are  due  to  an  inappropriate  alteration 
in  the  cellular  programming  which  renders  the  cell  unable  to  respond  to  the  proper  growth 
factors.  Alternatively,  TCDD  may  interfere  with  the  necessary  response  to  growth  factors 
during  specific  states  of  activation.  In  support  of  the  first  possibility,  the  proliferative 
response  to  anti-IgM,  or  phorbol  ester  +  Ionomycin,  both  of  which  stimulate  calcium 
influx,  was  inhibited  by  35-50%  by  TCDD  in  a  dose  related  manner  (Karras  and 
Holsapple,  1994).  In  another  report,  however,  there  was  no  effect  of  TCDD  on  anti-IgM 
stimulated  calcium  mobilization  (Karras  and  Holsapple,  1993).  The  suppression  of  the 
phorbol  ester  +  ionomycin  response  could  be  overcome  by  increasing  the  concentration  of 
ionomycin  (Karras  and  Holsapple,  1994).  Clearly,  there  is  a  change  in  calcium 
homeostasis  in  TCDD-treated  B  cells  that  could  be  partially  responsible  for  the  observed 
effects.  Concerning  the  possibility  that  TCDD  disrupts  growth  factor  signalling  pathways, 
there  are  as  yet  no  reports  in  the  literature  on  the  effects  of  TCDD  on  the  B  cell  response  to 
a  single  specific  cytokine  or  growth  factor. 

TCDD  has  also  been  shown  to  alter  the  pattern  of  protein  phosphorylation  in  B 
lymphocytes.  Phosphorylation  of  cellular  proteins  is  a  key  event  in  normal  cellular 
processes  as  well  as  in  growth  factor  signalling.  In  murine  splenic  B  cells,  1  nM  TCDD 
increased  the  phosphorylation  of  Mr  15,000,  29,000,  45,000,  52,000,  and  63,000 
proteins  by  40-70%  (Snyder  et  al.,  1993).  It  was  further  shown  that  interferon--/  (IFN-y) 
also  increased  the  phosphorylation  of  the  same  set  of  proteins,  except  for  the  Mr  15,000 
protein,  but  the  IFN-y-stimulated  phosphorylation  was  of  lower  magnitude.  When  TCDD 
and  IFN-y  were  added  together,  phosphorylation  of  these  proteins  was  decreased  by  25- 
40%  relative  to  control  levels.  Interestingly,  the  same  concentration  of  IFN-ywas  also  able 
to  reverse  the  TCDD  suppression  of  both  the  LPS-stimulated  and  SRBC  antibody  response 
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if  added  within  18  hr  of  the  beginning  of  the  culture  period.  In  another  study  examining 
protein  phosphorylation  in  purified  mouse  spleen  B  cells,  TCDD  increased  phosphorylation 
of  Mr  17,000,  38,000,  42,000,  50,000,  54,000,  61,000,  64,000,  and  105,000  proteins 
(Clark  et  al.,  1991).  The  Mr  50,000,  61,000,  and  64,000  proteins  were  also 
phosphorylated  after  anti-IgM  +  BCGF  treatment.  This  effect  on  protein  phosphorylation 
was  characterized  as  being  independent  of  protein  kinase  C.  For  the  Mr  61,000  and 
64,000  proteins,  increased  phosphorylation  was  found  to  occur  within  5  min  of  TCDD 
exposure  and  to  be  specific  for  tyrosine  residues.  When  TCDD  was  added  to  cells  pre- 
stimulated  for  36  hr  with  anti-IgM  +  recombinant  IL-4,  tyrosine  specific  phosphorylation 
of  the  Mr  61.000  and  64,000  proteins  was  decreased  by  45%.  This  is  surprisingly  similar 
to  the  results  in  the  previous  study,  where  TCDD  +  IFN-y  treatment  of  activated  B  cells 
showed  a  lower  level  of  phosphorylation  than  with  either  treatment  alone.  Additionally,  the 
molecular  weights  of  two  of  these  proteins  are  almost  identical,  and  could  represent  the 
same  proteins.  It  is  intriguing  that  the  molecular  weight  of  these  proteins  corresponds 
roughly  to  that  of  the  B  lymphocyte  src  family  tyrosine  kinases  lyn  (53  kDa)  and  fyn  (59 
kDa),  both  of  which  are  tyrosine  phosphorylated  after  ligation  of  the  B-cell  antigen  receptor 
(Cambier  and  Campbell,  1992).  Clearly,  TCDD  has  the  ability  to  alter  protein 
phosphorylation  either  alone  or  in  response  to  growth  and  differentiation  stimuli,  and  is 
another  possible  mechanism  by  which  TCDD  could  suppress  humoral  immunity. 

Thesis  Rationale 

PRL  as  a  Target  for  Cocaine  and  TCDD 

From  the  work  cited  above  it  can  be  concluded  that  PRL  is  an  effector  molecule  in 
the  immune  system.  It  is  at  present  unclear,  however,  what  role  lymphocyte-derived  PRL 
might  have  and,  furthermore,  there  are  no  reports  on  the  regulation  of  PRL  production  by 
normal  lymphocytes.  Dexamethasone  and  the  phorbol  ester  PMA  have  been  shown  to  alter 
PRL  secretion  in  the  human  IM-9  cell  line  (Gellersen  et  al..  1988;  Gellersen  et  al.,  1989). 
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Interestingly,  both  of  these  compounds  have  significant  effects  on  normal  lymphocytes. 
Therefore,  other  immunotoxicants  may  modulate  lymphocyte  PRL  production  or  disrupt 
PRL  signalling  and  PRL-specific  responses  in  lymphocytes.  Investigation  of  this 
possibility  will  increase  our  understanding  of  the  importance  of  PRL  in  lymphocyte 
function,  as  well  as  provide  insight  into  novel  mechanisms  of  action  for  potential 
immunotoxic  compounds. 

A  more  thorough  understanding  of  the  effects  of  cocaine  on  the  immune  system  is 
important  for  two  reasons.  First,  it  is  a  widely  abused  drug  and  a  significant  percentage  of 
the  population  is  being  exposed;  and  secondly,  there  have  been  a  number  of 
epidemiological  studies  revealing  an  association  between  cocaine  use  and  the  risk  of 
infection,  most  notably  HIV. 

The  specific  aims  of  this  portion  of  the  research  are  as  follows: 

Specific  aim  1.  Characterize  PRL-immunoreactive  proteins  in  lymphocytes. 

Specific  aim  2.  Investigate  the  general  immunotoxic  effects  of  in  vivo  cocaine 
administration  to  pregnant  rats  as  measured  by  lymphoid  organ  size,  lymphocyte  mitogenic 
responses,  IL-2  production,  and  lymphocyte  production  of  PRL. 

Specific  aim  3.  Evaluate  whether  TCDD  alters  lymphocyte  production  of  PRL- 
immunoreactive  proteins  or  PRL-stimulated  mitogenic  responses  in  lymphocytes. 

Responsiveness  of  Human  B  lymphocytes  to  TCDD 

The  potency  of  TCDD  in  producing  adverse  effects  in  laboratory  animals  and  our 
lack  of  knowledge  about  how  TCDD  really  affects  cellular  processes  has  been,  and  still  is, 
the  impetus  for  continued  investigation  into  the  effects  and  mechanism  of  action  of  TCDD. 
Additionally,  due  to  the  large  amount  of  research  already  devoted  to  TCDD,  this  compound 
can  now  serve  as  a  model  for  future  toxicology  studies.  This  is  especially  important  to  the 
discipline  of  immunotoxicology  since  TCDD  can  affect  so  many  different  components  of 
the  immune  system  and  may  serve  to  define  how  this  discipline  can  better  be  studied.  Most 


of  the  research  devoted  to  the  effects  of  TCDD  on  the  immune  system  have  been  conducted 
using  rodents,  or  cells  and  cell  lines  derived  from  rodents.  Therefore,  studies  examining 
the  actions  of  TCDD  on  human  lymphocytes  are  meaningful,  especially  if  such  studies  lead 
to  an  increased  understanding  of  how  TCDD  and  other  potential  immunotoxic  compounds 
may  alter  the  functional  capacity  of  these  cells. 

The  specific  aims  of  this  portion  of  the  research  are  as  follows: 

Specific  aim  4.  Characterize  the  AhR  and  TCDD  responsiveness  in  human  B 
lymphocyte  cell  lines. 

Specific  aim  5.  Evaluate  the  effect  of  TCDD  on  proliferation,  immunoglobulin 
production,  and  gene  expression  in  the  IM-9  and  PJS-91  human  B  lymphocyte  cell  lines. 

Successful  completion  of  specific  aims  1-5  will  increase  our  knowledge  and 
understanding  of  the  role  of  PRL  in  immune  function  as  well  as  the  relationship  between 
cocaine,  TCDD,  and  lymphocyte-derived  PRL.  This  will  be  useful  in  designing  new 
methods  for  assessing  immunotoxicity  as  well  as  possible  strategies  for  enhancing  immune 
responsiveness.  An  increased  understanding  of  the  effects  of  TCDD  on  human  B 
lymphocyte  function  will  provide  a  basis  for  determining  the  susceptibility  of  humans  to 
TCDD-induced  humoral  immunotoxicity,  as  well  as  formulating  approaches  to  characterize 
and  quantitate  the  health  risks  associated  with  TCDD  exposure  in  humans.  These  studies 
will  also  provide  information  regarding  the  mechanism  of  action  of  TCDD  in  the 
suppression  of  humoral  immune  responses. 
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CHAPTER  2 
MATERIALS  AND  METHODS 


Materials 
Chemicals  and  Biochemicals 

CocaineHCI,  ConA,  PHA,  PWM,  S.  tvphimurium  LPS,  rat  IgG,  human  IgG,  p- 
nitrophenyl  phosphate,  Histopaque  1077,  5-bromodUTP,  and  normal  rabbit  serum  were 
obtained  from  Sigma  Chemical  Co.  (St.  Louis,  MO).  Recombinant  human  IL-2  was 
purchased  from  Genzyme  (Cambridge,  MA),  and  recombinant  human  insulin-like  growth 
factor-1  (IGF-1)  from  Bachem  California  (Torrance,  CA).  TCDD  was  obtained  from 
Midwest  Research  Institute  (Kansas  City,  MO)  through  the  National  Cancer  Institute 
Chemical  Carcinogen  Reference  Repository.  01igo(dT)-cellulose  and  medium  and 
antibiotics  for  cell  culture  were  from  Gibco/BRL  (Grand  Island,  NY),  except  horse  serum 
and  fetal  bovine  serum  (FBS),  which  were  from  Hyclone  Laboratories  (Logan,  UT).  Poly 
(dI-dC):(dI-dC),  and  nucleotides  were  obtained  from  Pharmacia  Biotech  (Piscataway,  NJ), 
and  rat  IgG  was  from  Fisher  Scientific  (Pittsburgh,  PA).  All  other  chemicals  were  of  the 
highest  quality  available  from  standard  suppliers  unless  stated  otherwise. 

Radiochemicals 

[3H-methyl]  thymidine  (5  Ci/mmole)  and  [y32p]dATP  (3000  Ci/mmole)  were 
obtained  from  Amersham  Life  Sciences  (Arlington  Heights,  IL),  while  [l25I]  Protein  A  (9 
mCi/mg),  Tran35SLabel™(1000  Ci/mmole),  [a32p]UTP  (3000  Ci/mmole),  and 
[oe32p]dCTP  (3000  Ci/mmole)  were  from  ICN  Biomedical  (Costa  Mesa,  CA). 
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Antibodies  and  Hormones 

Anti-rat  PRL-IC-5,  anti-human  PRL-IC-5,  rat  PRL-RP-3,  rat  PRL-B-7.  rat  PRL- 
B-8-SIAFP,  human  PRL-B-1,  human  PRL-B-2-SIAFP,  rat  GH-RP-2,  anti-rat  IGF-1 
(UB3-189),  and  antibodies  for  GH  and  PRL  radioimmunoassay  (RIA)  were  kindly 
provided  by  the  National  Hormone  and  Pituitary  Program  (NIDDK,  NICHHD,  USDA, 
Rockville,  MD).  Polyclonal  rabbit  anti-hPRL  (lot#  P4802-1)  was  from  Hycor  Biomedical 
Inc.  (Portland,  ME).  The  AhR  (Poland  et  al.,  1991)  and  ARNT  (Probst  et  al.,  1993) 
antibodies  were  kindly  provided  by  Dr.  Christopher  Bradfield  (Northwestern  University, 
Chicago,  IL)  and  Dr.  Oliver  Hankinson  (University  of  California  at  Los  Angeles,  Los 
Angeles,  CA),  respectively.  Goat  anti-human  IgG  alkaline  phosphatase  conjugate,  anti- 
human  CD  19  (clone  SJ25-C1),  MOPC-21  IgGl,  rabbit  anti-rat  IgG  horseradish  peroxidase 
conjugate,  and  goat  anti-mouse  IgG  fluorescein  isothiocyanate  conjugate  (human  serum 
absorbed)  were  obtained  from  Sigma  Chemical  Co.  (St.  Louis,  MO).  Goat  anti-rabbit  IgG 
horseradish  peroxidase  conjugate  was  from  Bio-Rad  Laboratories  (Richmond,  CA)  and 
horse  anti-goat  IgG  horseradish  peroxidase  conjugate  was  from  Vector  Laboratories 
(Burlingame,  CA).  Rabbit  anti-rat  CYP1A1  was  from  Gentest  Corp.  (Woburn,  MA). 
Goat  anti-rat  IgG  was  from  Fisher  Scientific  (Pittsburgh,  PA),  and  goat  anti-human  IgG 
was  from  Jackson  Immunoresearch  (West  Grove,  PA). 

Oligonucleotides 

Complimentary  oligonucleotides  were  synthesized  by  the  University  of  Florida 
DNA  Synthesis  Core  Laboratory. 
The  human  CYP1A1  DRE  oligonucleotides  were: 

5'-TGCCCAGGCGTTGCGTGAGAAGGACCGGAG-3' 

5-CTCCGGTCCTTCTCACGCAACGCCTGGGCA-3' 
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The  human  CYP1A1  DREmut2  oligonucleotides  were: 

5'-TGCCCAGGCGTTGAJTGAGAAGGACCGGAG-3 

5'-CTCCGGTCCTTCTCAATCAACGCCTGGGCA-3' 
The  CYP1A1  8  base  pair  primer  sequence  was: 

5'-TGCCCAGG-3' 
The  CD  19-2  oligonucleotides  were: 

5'-GAGAATGGGGCCTGAGGCGTGACCACCGCCTTCC-3' 

5'-GGAAGGCGGTGGTCACGCCTCAGGCCCCATTCTC-3' 
The  5'Sy2a  oligonucleotides  were: 

5'-GGATCAGAATTGTGAAGCGTGACCATAGAAAGAA-3' 
5,  .TTCTTTCTATGGTCACGCTTCACAATTCTGATCC  -3' 

Cell  Lines  and  Culture  Medium 

The  Nb2  1  lc  subline  was  generously  provided  by  Dr.  Paul  Kelly,  INSERM,  Paris, 
France.  The  IM-9  human  B  lymphoblast  cell  line  (CCL  159),  the  CTLL-2  mouse  cytotoxic 
T  cell  line  (214-TIB),  and  the  human  hepatoma  cell  line  HepG2  (HB8065)  were  from  the 
American  Type  Culture  Collection  (Rockville,  MD).  The  PJS-91  cell  line  was  generated  in 
this  laboratory  by  Epstein-Barr  virus  (EBV)  transformation  of  peripheral  blood 
lymphocytes  isolated  from  a  healthy  male  donor.  The  IM-9  and  PJS-91  cell  lines  were 
maintained  in  RPMI  1640  medium  supplemented  with  100  ug/ml  streptomycin,  100  U/ml 
penicillin,  2  raM  L-glutamine,  and  10%  FBS.  The  HepG2  culture  medium  was  minimum 
essential  medium  supplemented  with  50  ug/ml  gentamicin,  2  mM  L-glutamine,  1  mM 
sodium  pyruvate,  and  10%  heat-inactivated  FBS.  The  Nb2  and  CTLL-2  culture  medium  is 
described  elsewhere. 
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Recombinant  cDNA  Clones 

The  rPRL  probe  was  a  PstI  fragment  of  the  rPRL  cDNA  (Cooke  et  al.,  1980);  the 
human  CD19  probe  was  an  EcoRI  +  Sad  fragment  of  pB4-19  (Tedder  and  Isaacs,  1989); 
the  human  AhR  probe  was  a  Smal  fragment  of  phuAhR  (Dolwick  et  al.,  1993);  the  human 
ARNT  probe  was  a  BamHI  fragment  of  pBM5Neo-Ml-l  (Hoffman  et  al.,  1991);  and  the 
human  CYP1B1  probe  was  an  EagI  fragment  of  clone  1  (Sutter  et  al.,  1994).  The 
following  cDNA  containing  plasmids  with  the  clone  designation  and  corresponding  ATCC 
catalogue  number  were  obtained  from  the  American  Type  Culture  Collection  (Rockville. 
MD):  human  p-actin  (HHCI89;  65129),  human  PRL  (p-hPRL;  31721),  human  CYP1A1 
(phPl-450-3';  57259),  and  human  c-myc  (pGl-5'-c-myc;  39286). 

General  Methods 

Cocaine  Treatment  of  Animals 

Timed  pregnant  or  non-pregnant  Sprague-Dawley  rats  (Harlan-Sprague  Dawley, 
Indiannapolis,  IN)  were  housed  in  the  University  of  Florida  animal  resources  facility 
according  to  University  guidelines.  Animals  were  maintained  on  a  12  hour  light/dark  cycle 
with  food  (Purina  rat  chow)  and  tap  water  provided  ad  libitum.  Body  weight  and  food 
consumption  were  monitored  daily.  Each  daily  dose  of  cocaine,  60  mg/kg  calculated  as  the 
free  base,  was  administered  as  a  split  dose  of  30  mg/kg  by  i.p.  injection  between  8  and  9 
a.m.  and  again  between  4  and  5  p.m.;  control  animals  received  saline  vehicle.  Cocaine 
administration  was  initiated  on  gestation  day  8  and  continued  through  gestation  day  19.  On 
day  20,  the  animals  were  anesthetized  by  sodium  pentobarbital  injection,  and  maternal 
blood  was  collected  by  cardiac  puncture  into  heparinized  syringes.  Spleens  and  thymuses 
were  collected  and  the  animals  euthanized  with  a  second  injection  of  sodium  pentobarbital. 
A  total  of  four  separate  experiments  with  5  to  6  animals  in  each  group  were  carried  out  with 
similar  results,  and  the  data  presented  herein  are  from  one  representative  experiment. 
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Isolation  of  Rodent  Lymphocytes 

Spleens  and  thymuses  from  mice  and  rats  were  placed  in  lymphocyte  medium 
(RPMI  1640  supplemented  with  100  U/ml  penicillin,  100  ug/ml  streptomycin,  2  mM  L- 
glutamine,  25  mM  HEPES,  50  urn  2-mercaptoethanol,  and  10%  FBS).  After  weighing, 
single  cell  suspensions  were  prepared  by  pressing  the  tissues  through  a  stainless  steel  mesh 
screen.  Cells  were  then  centrifuged  through  Histopague  1077  to  obtain  spleen 
lymphocytes,  or  lysis  of  red  blood  cells  with  1  mM  KP04,  150  mM  NH4CI,  10  mM 
EDTA,  pH  7.2  to  obtain  thymocytes.  Both  spleen  lymphocytes  and  thymocytes  were  then 
depleted  of  remaining  adherent  cells  by  incubation  in  Petri  dishes  for  1  hr  at  37  C. 

Cell  Proliferation  Assay 

Rodent  lymphocytes.  After  repeated  washing  with  lymphocyte  medium,  spleen 
lymphocytes  (2  x  105)  or  thymocytes  (8  x  105)  were  added  in  a  final  volume  of  200  ul  to 
96-well  microtitre  plates.  Lymphocytes  were  stimulated  in  triplicate  with  0.25  or  2.5  ug/ml 
ConA,  10  ug/ml  PHA,  0.5  or  5  ug/ml  PWM,  10  units/ml  IL-2,  and  10  ug/ml  LPS  for  72 
hr.  [3H]thymidine  (lu.Ci  )  was  added  to  each  well  for  the  last  18  hr,  and  the  plates 
harvested  onto  Whatman  glass  fiber  filters  with  an  automated  cell  harvester  (Brandel  Inc., 
Gaithersburg,  MD).  The  filters  were  allowed  to  dry  overnight  and  the  cpm  for  individual 
samples  was  determined  on  a  Beckman  LS7000  scintillation  counter. 

Human  B  lymphocyte  cell  lines.  IM-9  and  PJS-91  human  B  lymphocyte  cell  lines 
were  cultured  overnight  in  medium  lacking  FBS  to  render  them  quiescent.  On  the  day  of 
assay,  the  cells  were  washed  with  medium  and  2  x  104  cells  were  added  in  triplicate  to  the 
wells  of  96-well  microtitre  plate  sin  a  final  volume  of  200  |il.  The  plates  were  incubated 
for  24  to  72  hr  with  a  pulse  of  [3H]thymidine  ( luCi  /well)  for  the  last  4  hr  of  the  culture 
period,  and  harvested  onto  glass  fiber  filter  strips  with  a  cell  harvester.  The  filters  were 
allowed  to  dry  overnight  and  the  cpm  for  individual  samples  was  determined  on  a  Beckman 
LS7000  scintillation  counter. 
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Measurement  of  Secreted  IL-2 

IL-2  present  in  spleen  lymphocyte  conditioned  medium  was  measured  with  a  bioassay 
essentially  as  described  (Coico  et  al.,  1992).  The  assay  used  CTLL-2  cells,  a  mouse 
cytotoxic  T  cell  line  that  proliferates  in  response  to  T  cell  growth  factor  (Gillis  et  al.,  1978) 
and  can  thus  be  used  to  specifically  assay  IL-2.  CTLL-2  cells  were  maintained  in  RPMI 
1640  supplemented  with  100  U/ml  penicillin,  100  ug/ml  streptomycin,  2  mM  L-glutamine, 
2  mM  sodium  pyruvate.  15  mM  HEPES,  10%  FBS,  and  2  Units/ml  recombinant  human 
IL-2.  Cells  in  early-log  phase  were  collected  3  days  after  feeding,  washed  twice,  and 
resuspended  at  txl05/ml  in  the  same  medium  without  IL-2  (assay  medium).  Sterile-filtered 
supernatants  from  48  hr  ConA-stimulated  spleen  lymphocytes  were  serially  diluted  (5-fold 
dilutions  starting  with  a  1:2  dilution)  in  assay  medium.  The  samples  and  recombinant 
human  IL-2  standard  were  added  together  with  1  x  1 04  cells  in  triplicate  to  the  wells  of  a  96- 
well  microtitre  plate.  The  plates  were  incubated  for  24  hr,  pulsed  with  1  u,Ci 
[3H]thymidine/well,  and  harvested  24  hr  later.  The  amount  of  EL-2  activity  in  the  spleen 
lymphocyte  culture  supernatants  was  quantitated  by  converting  the  cpm  values  for  each 
dilution  to  the  percentage  maximal  cpm  relative  to  the  recombinant  human  IL-2  standard. 
The  percentage  maximal  cpm  were  transformed  to  log  values  and  plotted  against  the  log5 
dilution  factor.  Linear  regression  was  used  to  determine  the  dilution  factor  yielding  50% 
maximal  cpm,  and  the  inverse  of  this  value  was  the  amount  of  IL-2  Units/ml. 

Measurement  of  Plasma  GH.  PRL.  and  IOF-1 

Duplicate  plasma  samples  were  assayed  for  PRL,  GH,  and  IGF-1  by  RIA.  The  RIAs 
for  PRL  and  GH  were  performed  exactly  as  described  previously  (Singh  et  al.,  1992a; 
Singh  et  al.,  1992b).  Unknown  values  were  derived  from  the  10  -  90%  inhibition  portion 
of  the  standard  curve  and  expressed  as  ng/ml  in  terms  of  the  respective  NIDDK  reference 
preparation  (rat  GH-RP-2  and  rat  PRL-RP-3). 
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The  RIA  for  IGF-1  utilized  the  UB3-189  polyclonal  antibody  (NIDDK). 
Characterization  of  the  UB3-189  antibody  has  revealed  that  this  preparation  has  minimal 
crossreactivity  with  IGF-II  and  insulin.  Since  IGF-binding  proteins  interfere  with 
quantitative  measurements  of  IGF  in  blood  and  tissue  (Daughaday  et  al.,  1987),  the 
acid/ethanol  with  cryoprecipitation  procedure  was  used  to  strip  IGF- 1  binding  proteins 
from  plasma  (Breier  et  al.,  1991).  Briefly,  plasma  was  mixed  with  four  volumes  of  2N 
HCl/ethanol  (12.5%/85%)  at  room  temperature  for  30  min.  The  samples  were  centrifuged 
and  neutralized  with  Tris  base  prior  to  cryoprecipitation.  Samples  were  centrifuged  again 
prior  to  dilution  (1/70)  with  assay  buffer.  The  efficiency  of  extraction  was  54%  using  a 
non-radioactive  spike  of  100  ng  IGF-1  into  the  serum  sample.  Assay  procedures  were 
followed  as  previously  described  (Daughaday  et  al.,  1987;  Breier  et  al.,  1991)  using  (N- 
Met)  recombinant  human  IGF-1  as  the  standard  and  label  preparation.  IGF-1  was 
radioiodinated  using  chloramine-T  and  purified  on  a  Sephadex  G-50  column.  The 
sensitivity  of  the  assay  was  0.1  ng/ml  with  an  ED50  of  1.24  ng/ml.  The  intra-  and  inter- 
assay  coefficients  of  variation  were  5.8%  and  9.4%,  respectively. 

ELISA  for  Secreted  Human  IgG  and  Rat  Serum  IgG 

Ninety-six  well  ELISA  plates  (Nunc  Maxisorp™)  were  coated  with  100  u.1  of  goat 
anti-rat  IgG  or  2.5  ug/ml  affinity  purified  goat  anti-human  IgG  in  bicarbonate  coating 
buffer,  pH  9.6  and  incubated  overnight  at  4  C.  The  wells  were  then  washed  4  times 
(between  each  step)  with  wash  buffer  (PBS  pH  7.4,  0.05%  Tween-20,  0.02%  sodium 
azide),  followed  by  blocking  with  5%  BSA  in  wash  buffer  for  1  hr  at  room  temperature. 
After  washing,  culture  supernatants  or  serum  samples  and  purified  human  or  rat  IgG  were 
added  to  the  wells  in  triplicate  and  incubated  for  2  hr  at  room  temperature.  The  plates  were 
washed  again  and  100  u.1  of  a  1:5000  dilution  of  Fc  specific,  affinity  purified,  alkaline 
phosphatase-conjugated  goat  anti-human  IgG  or  affinity-purified  rabbit  anti-rat  IgG 
horseradish  peroxidase  conjugate  at  1:100,000  final  dilution  was  added  and  again  incubated 
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again  2  hr  at  room  temperature.  After  washing,  p-nitrophenyl  phosphate  or  o- 
phenylenediamine  dihydrochloride  was  added  and  the  absorbance  at  405  nm  and  492  nm, 
respectively,  was  measured  on  an  ELISA  plate  reader. 

Sodium  Dodecvi  Sulfate  Polvacrylamide  Gel  Electrophoresis  (SDS-PAGE)  and  Western 
Immunoblotting 

Conditioned  medium  from  cell  cultures  was  prepared  by  collecting,  washing,  and 
replating  cells  in  medium  without  FBS  for  the  last  6-18  hr  of  the  culture  period.  The 
cultures  were  then  centrifuged  and  the  supernatants  dialyzed  extensively  against  5  mM  Tris- 
HC1  pH  8.0/0.02%  sodium  azide  and  then  distilled  water,  while  the  cells  were  washed  with 
PBS  and  stored  at  -70  C  until  needed.  After  thawing  on  ice,  the  cells  were  lysed  in  NTEN 
(50  mM  Tris-HCl  pH  8.0,  150  mM  NaCl,  10  mM  EDTA,  0.5%  Nonidet  P-40)  containing 
protease  inhibitors  ( 10  ug/ml  aprotinin,  5  ug/ml  leupeptin,  and  1  mM  PMSF).  Whole  cell 
extracts  were  prepared  by  resuspension  of  cell  pellets  in  IX  SDS-PAGE  sample  buffer 
(62.5  mM  Tris-Cl,  pH  6.8,  10%  sucrose,  2%  SDS,  5%  2-mercaptoethanol,  .001% 
bromophenol  blue)  and  boiling  for  5  min.  Equal  amounts  of  lyophilized  protein, 
determined  by  Bradford  assay  (Bradford,  1976),  were  subjected  to  SDS-PAGE  (Laemmli. 
1970),  followed  by  electroblotting  (Towbin  et  al.,  1979)  onto  nitrocellulose  or  PVDF 
membranes.  For  the  immunostaining,  the  blots  were  blocked  in  TSAT  (100  mM  Tris-HCl 
pH  8.0,  150  mM  NaCl,  0.1%  Tween-20,  0.02%  sodium  azide)  containing  1%  bovine 
serum  albumin  (BSA)  for  5  hr  at  4  C  for  Protein  A  detection,  or  in  TSAT  containing  3% 
gelatin  for  1  hr  at  room  temperature  for  colorimetric  detection.  The  blots  were  then  washed 
in  TSAT.  and  incubated  with  primary  antibodies  or  normal  serum  from  the  resepective  host 
species  in  TSAT-0.4%  BSA  overnight  at  4  C,  or  in  some  experiments  for  2  hr  at  room 
temperature.  Detection  of  antibody-protein  complexes  was  carried  out  with  1  u.Ci 
[125I]Protein  A  in  TSAT-0.4%  BSA  for  5  hr  at  4  C,  followed  by  autoradiography,  or  goat 
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anti-rabbit  IgG-horseradish  peroxidase  conjugate  for  2  hr  at  room  temperature  and  3- 
amino-9-ethylcarbazole  as  the  substrate  for  colorimetric  detection. 

With  Protein  A  detection,  quantitation  of  individual  bands  on  the  blots  was 
accomplished  by  scanning  on  a  Betascope  603  blot  analyzer  (Betagen  Corp.,  Waltham, 
MA).  To  account  for  differences  in  protein  loading  between  lanes  and  to  make  the  results 
more  reproducible  between  different  blots,  the  values  were  normalized  using  a  specific 
counts  index.  This  was  calculated  according  to  the  formula: 

[(specific  counts/non-specific  counts)  -1]  x  100 

Specific  counts  refers  to  the  total  counts  in  the  band  of  interest,  while  non-specific 
counts  is  the  total  counts  from  a  non-specific  region  of  the  same  size  in  the  same  lane. 

N-Terminal  Sequence  Analysis 

For  sequencing  of  the  Mr  43,000  PRL-immunoreactive  protein  in  rat  spleen 
lymphocytes,  200  |ig  of  unstimulated  and  ConA-stimuIated  spleen  lymphocyte  lysate  was 
subjected  to  SDS-PAGE  and  electroblotted  onto  an  Immobilon-P  PVDF  membrane 
(Millipore  Corp.,  Bedford,  MA).  Duplicate  lanes  of  the  membrane  were  Coomassie 
stained  or  immunostained  with  anti-rPRL.  The  Mr  43,000  PRL-immunoreactive  protein 
was  identified  on  the  Coomassie-stained  membrane  by  the  increase  in  intensity  in  the 
ConA-stimulated  versus  unstimulated  lysate  and  alignment  with  the  corresponding 
immunostained  band.  N-terminal  microsequencing  was  carried  out  by  the  University  of 
Florida  1CBR  Protein  Chemistry  Core  Facility  on  an  Applied  Biosystems  Model  473A  Gas 
Phase  Protein  Sequencer  with  an  on-line  HPLC  system.  Sequence  data  was  analyzed 
using  Genbank  software  (GCG,  University  of  Wisconsin,  Madison,  WI). 

Metabolic  Labeling  and  Immunoprecipitation 

Exponentially-growing  1M-9  cells  were  washed  with  serum-free  medium  and 
cultured  in  methionine-deficient  serum-free  RPMI  medium  for  30  min  at  37  C  to  allow 
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depletion  of  any  residual  intracellular  methionine.  Then  lOOuCi/mJ  Tran[35S]Label™  was 
added  and  the  cultures  continued  for  3  hr.  Cell  lysates  were  prepared  as  described  above 
for  SDS-PAGE.  For  immunoprecipitation,  the  cell  lysates  were  diluted  with  NTEN  and 
precleared  with  normal  rabbit  serum  +  protein  A-sepharose  or  protein  A-Sepharose  alone 
for  1-2  hr  at  room  temperature  with  constant  agitation.  Precipitation  of  specific  proteins 
was  performed  on  an  orbital  shaker  overnight  at  4  C,  followed  by  washing  of  the 
precipitates  twice  with  NTEN  and  a  final  wash  with  NTEN  lacking  NaCl.  The  precipitates 
were  boiled  in  SDS-PAGE  sample  buffer  and  analyzed  by  SDS-PAGE.  Metabolic  labeled 
precipitates  were  visualized  by  autoradiography  of  the  dried  gel  and  unlabeled  precipitates 
were  detected  by  immunoblotting. 

Nb2  Lymphoma  Cell  Bioassay 

Nb2  cells  were  maintained  in  RPMI  1640  medium  supplemented  with  100  ug/ml 
streptomycin,  100  U/ml  penicillin,  2  mM  L-glutamine,  100  uM  2-mercaptoethanol,  10% 
horse  serum,  and  10%  FBS.  For  assay  of  PRL,  mid-log  phase  Nb2  cells  were  collected, 
washed,  and  resuspended  in  starvation  medium  (starvation  medium  is  maintenance  medium 
without  FBS)  for  16-20  hr.  On  the  day  of  assay,  the  cells  were  washed  again  with 
starvation  medium  and  8x10*  cells  in  a  final  volume  of  200  ul  were  added  to  each  well  of  a 
96  well  microtitre  plate  and  stimulated  in  triplicate  with  rPRL  or  hPRL  (NIDDK)  in  50  u.1 
starvation  medium.  Other  additions  were  also  in  50  u.1  starvation  medium.  The  cultures 
were  pulsed  with  1  uCi/well  [3H]thymidine  for  the  last  4  hr  of  the  48  hr  incubation  and 
harvested  onto  glass  fiber  filters  using  a  cell  harvester.  The  dried  filters  were  quantitated 
by  scintillation  counting. 

Isolation  of  RNA 

Total  RNA  was  isolated  by  a  modification  of  the  single  step  acid  guanidinium 
thiocyanate-phenol-chloroform  method  as  described  (Xie  and  Rothblum,  1991).  Poly(A)+ 
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RNA  was  isolated  by  batch  adsorption  to  oligo(dT)-cellulose  exactly  as  described  (Celano 
et  al..  1993). 

Northern  Blot  Analysis 

Analysis  of  rPRL  mRNA.  Total  RNA  was  electrophoresed  through  1.5%  agarose- 
formaldehyde  gels,  transferred  to  nitrocellulose  membranes  by  capillary  action,  and  fixed  to 
the  membrane  by  baking  at  80  C  for  2  hr.  Blots  were  prehybridized  at  42  C  overnight  in 
4X  SSC  (20X  SSC  is  3  M  NaCl,  0.3  M  Na  citrate,  pH  7.0),  50  mM  KP04,  pH  6.5,  0.1% 
SDS,  5X  Denhart's  solution  (50X  Denhart's  is  1%  each  of  Ficoll,  BSA,  and 
polyvinylpyrrolidone),  250  ug/mi  yeast  RNA,  and  50%  formamide.  Blots  were  hybridized 
with  a  rPRL  cDNA  probe  labeled  with  [a32P]dCTP  by  random  priming  using  a  Prime-a- 
gene  kit  (Promega  Corp.,  Madison,  WI).  Hybridization  was  performed  in  the  same 
solution  as  for  prehybridization  except  containing  IX  Denhart's,  at  42  C  for  20  hr.  Blots 
were  washed  once  at  room  temperature  in  2X  SSC,  0.1%  SDS  for  20  min,  followed  by 
three  20  min  washes  in  0.1X  SSC,  0.1%  SDS  at  42  C,  50  C,  and  65  C.  The  blots  were 
then  autoradiographed  followed  by  quantitation  on  a  Betascope  blot  analyzer.  For 
quantitation,  PRL  mRNA  levels  were  normalized  to  p-actin  levels  in  the  same  lane  by 
dividing  each  value  for  PRL  net  cpm  (total  cpm  -background  cpm)  by  the  corresponding 
values  for  p-actin  net  cpm  and  multiplying  by  100. 

Analysis  of  other  mRNAs.  Poly(A)+  RNA  (4-10  ug)  was  electrophoresed  through 
1.2%  agarose-formaldehyde  gels,  transferred  to  positively  charged  nylon  membranes  by 
capillary  action,  and  fixed  to  the  membrane  by  UV  crosslinking  in  a  Stratalinker™. 
cDNA  probes  were  radiolabeled  with  [a32P]  dCTP  by  random  priming  using  the  Prime-It 
II  kit  (Stratagene;  La  Jolla,  CA).  Hybrization  was  performed  for  2  to  4  hr  at  68  C  with 
ExpressHyb  solution  (Clontech;  Palo  Alta,  CA).  The  blots  were  washed  twice  at  room 
temperature  in  2X  SSC,  0.1%  SDS  for  15  min,  followed  by  two  30  min  washes  in  0.1X 
SSC,  0.1%  SDS  at65C. 
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Preparation  of  Cvlosol  and  Nuclear  Extracts 

Cytosol  was  isolated  from  exponentially-growing  IM-9  and  PJS-91  or  confluent 
HepG2  cells  by  harvesting,  and  washing  twice  with  ice-cold  PBS.  Washed  cells  were 
resuspended  in  3  pellet  volumes  of  HEDG  buffer  (25  mM  HEPES,  pH  7.6,  3  mM  EDTA, 
1  mM  DTT,  10%  glycerol)  and  homogenized  with  10-20  strokes  in  a  Dounce  homogenizer. 
The  homogenate  was  centrifuged  at  100,000  x  g  for  1  hr  at  4  C  and  the  supernatant  was 
stored  in  small  aliquots  at  -70  C.  The  cytosolic  AhR  complex  was  transformed  in  vitro  by 
incubation  with  25  nM  TCDD  or  0. 1  %  DMSO  for  2  hr  at  20  C  before  use  in  gel  mobility 
shift  assays. 

Cells  were  treated  with  TCDD  or  0.1%  DMSO  (vehicle  control)  in  serum  free 
medium  for  2  hr  at  37  C  and  crude  nuclear  extracts  were  prepared  by  a  combination  of 
previously  described  methods  (Saatcioglu  et  al.,  1990;  Ausbel  et  al.,  1991).  After 
treatment,  the  cells  were  washed  sequentially  with  ice-cold  PBS  and  10  mM  HEPES,  pH 
7.6,  resuspended  in  3  volumes  Buffer  A  (25  mM  HEPES,  pH  7.6,  1  mM  DTT,  10  mM 
KC1,  3  mM  MgCh)  for  10  min  on  ice,  and  then  homogenized  with  10-20  strokes  in  a 
Dounce  homogenizer.  The  nuclear  pellet  (3,500  x  g,  10  min)  was  washed  once  with 
Buffer  B  (25  mM  HEPES,  pH  7.9,  0.5  mM  EDTA,  0.5  mM  DTT,  3  mM  MgCl2,  25% 
glycerol,  0.2  mM  PMSF)  containing  150  mM  KC1,  after  which  nuclear  proteins  were 
extracted  with  Buffer  B  containing  500  mM  KC1  for  1  hr.  The  nuclear  extract  was 
centrifuged  at  12,000  x  g  and  the  supernatant  dialyzed  against  100  volumes  Buffer  C  (20 
mM  HEPES,  pH  7.9,  0.5  mM  EDTA,  0.5  mM  DTT,  20%  glycerol,  150  mM  KC1,  0.2 
mM  PMSF)  for  1  hr.  The  dialyzed  extract  was  clarified  by  centrifugation  (12,000  x  g,  10 
min)  and  stored  in  aliquots  at  -70  C. 

Gel  Mobility  Shift  Assay 

Complementary  oligonucleotides  were  annealed,  end-labeled  with  [y32p]dATP  and 
T4  polynucleotide  kinase,  and  then  purified  on  a  15%  acrylamide  gel.     In  some 
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experiments,  the  8  base  pair  CYP1A1  DRE  primer  was  annealed  to  the  complementary 
strand  and  the  3'  end  filled  in  with  the  Klenow  fragment  of  DNA  polymerase  I  in  the 
presence  of  dATP,  dTTP,  dGTP,  and  [a32p]dCTP.  Nuclear  extract  protein  was  incubated 
in  15  mM  HEPES,  pH  7.9,  2  raM  Tris-HCl,  pH  7.5,  12%  glycerol,  0.4  mM  DTT,  0.4 
mM  EDTA,  80  mM  KC1.  20  mM  NaCl,  and  0.5-1  ug  poly  (dI-dC):(dI-dC)  for  15  min  at 
room  temperature  prior  to  addition  of  labeled  probe  (2-20  fmoles;  20-100,000  cpm),  and 
then  incubated  another  15  min.  Unlabeled  double-stranded  competitor  oligonucleotides 
were  added  to  the  reaction  mixture  prior  to  the  addition  of  labeled  probe.  In  some 
experiments,  goat  anti-mouse  AhR  (Poland  et  al.,  1991)  or  rabbit  anti-human  ARNT 
(Probst  et  al.,  1993)  antibody  was  added  for  10  min  at  the  end  of  the  incubation  with 
labeled  probe.  The  reactions  were  electrophoresed  through  non-denaturing  4%  acrylamide 
gels  in  IX  TGE  buffer  (25  mM  Tris,  380  mM  glycine,  2  mM  EDTA)  to  separate 
protein:DNA  complexes  (Ausbel  et  al.,  1991).  Following  electrophoresis,  the  gels  were 
dried  down  and  exposed  to  X-ray  film  at  -70  C  with  intensifying  screens. 

UV  Cross-Linking 

The  CYP1  Al  DRE  probe  used  for  UV  cross-linking  was  prepared  by  annealing  the 
8  base  pair  CYP1  Al  DRE  primer  to  the  complementary  strand,  the  3'  end  filled  in  with  the 
Klenow  fragment  of  DNA  polymerase  I  in  the  presence  of  dATP,  dGTP,  5- 
bromodUTPand  [a32P]dCTP,  and  gel-purified  on  a  15%  acrylamide  gel.  Nuclear  extract 
protein  (30-75  ug)  was  incubated  in  15  mM  HEPES,  pH  7.9,  2  mM  Tris-HCl,  pH  7.5, 
12%  glycerol,  0.4  mM  DTT,  0.4  mM  EDTA,  80  mM  KC1,  20  mM  NaCl,  and  5  ug  poly 
(dl-dC).(dl-dC)  for  15  min  at  room  temperature  prior  to  addition  of  labeled  probe  (10-25 
fmoles;  100-250,000  cpm),  and  then  incubated  another  15  min.  For  in  situ  UV  cross- 
linking,  the  binding  reactions  were  electrophoresed  through  non-denaturing  4%  acrylamide 
gels  in  IX  TGE  buffer  (25  mM  Tris,  380  mM  glycine,  2  mM  EDTA),  and  the  entire  gel 
irradiated  by  placing  on  a  UV  transilluminator  emitting  at  300  nm  for  30  to  45  min  at  4  C. 
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The  gel  was  then  exposed  to  film  at  4  C  overnight  and  the  AhR-dependent  band  excised 
from  the  gel  by  alignment  with  the  resulting  autoradiograph.  Nuclear  protein  was  eluted 
from  the  gel  slice  in  IX  SDS-PAGE  sample  buffer  (62.5  mM  Tris-Cl,  pH  6.8,  10% 
sucrose,  2%  SDS,  5%  2-mercaptoethanol,  .001%  bromophenol  blue)  containing  100  mM 
NaCl  overnight  at  room  temperature,  boiled  for  5  min,  and  analyzed  by  SDS-PAGE  on 
7.5%  gels.  For  UV  cross-linking  in  solution,  the  binding  reactions  were  irradiated  on  ice 
at  a  distance  of  5  cm  from  a  UV  transilluminator  emitting  at  300  nm  for  30  to  45  nm.  One 
volume  of  2X  SDS-PAGE  sample  buffer  was  added,  the  samples  were  boiled  for  5  min, 
and  analyzed  by  SDS-PAGE  on  7.5%  gels.  In  both  cases,  the  gels  were  dried  down  and 
exposed  to  X-ray  film  at  -70  C. 

Immunofluorescence  Staining  and  Flow  Cytometry  Analysis 

IM-9  and  PJS-91  cells  were  collected  by  centrifugation  and  washed  once  with 
diluent  buffer  (PBS  ph  7.4,  0.1%  sodium  azide,  1%  BSA).  Cells  (2  xlO5)  were  aliquoted 
to  12  x  75  mm  sterile  tubes  and  incubated  with  1  ug  specific  antibody  (mouse  anti-human 
CD  19  or  mouse  IgGl  isotype  control)  for  30  min  on  ice.  The  cells  were  washed  three 
times  with  diluent  buffer,  resuspended  in  100  ul  of  a  1 :75  dilution  of  goat  anti-mouse  IgG- 
FrTC  conjugate  and  incubated  for  30  min  on  ice.  The  cells  were  again  washed  three  times 
with  diluent  buffer  and  resuspended  in  0.5  ml  diluent  buffer.  Two-color  flow  cytometric 
analysis  was  performed  at  the  University  of  Florida  Flow  Cytometry  Core  Facility  on  a 
Becton  Dickinson  FacSortTM  instrument  using  the  LysisII™  software.  Dead  cells  were 
stained  with  1  u.1  of  a  1  mg/ml  solution  of  ethidium  bromide  immediately  prior  to  analyzing 
on  the  flow  cytometer  and  subsequently  excluded  from  data  anlysis.  Data  analysis  was 
performed  using  the  Becton  Dickinson  PC-LYSYS™  software. 
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Quantitation  of  Autoradiographs 

Autoradiographs  from  Northern  blot  analyses  and  competition  experiments  in  the 
gel  mobility  shift  assay  were  quantitated  by  densitometry.  The  autoradiographs  were  first 
scanned  on  a  desktop  laser  scanner.  Care  was  taken  to  ensure  that  the  intensity  of  the 
images  on  the  autoradiographs  was  within  the  linear  range  of  the  X-ray  film.  The 
autoradiographic  images  were  then  digitized  using  NIH  Image  1.52  software  and  the  mean 
density  of  the  pixels  present  within  the  bands  of  interest  were  used  for  subsequent 
calculations. 

Statistical  Analysis 

In  all  cases  where  comparisons  were  made  between  control  and  cocaine-treated 
groups  or  between  only  two  treatment  groups,  the  two-sample  unpaired  Student's  t  test 
was  used.  Concentration-response  data  was  analyzed  using  the  Stat  View  512+™ 
analysis  software  by  the  one-way  analysis  of  variance  followed  by  Scheffe's  F  test  if 
significance  was  obtained  in  the  analysis  of  variance. 


CHAPTER  3 

EFFECT  OF  TCDD  ON  LYMPHOCYTE  PROLACTIN  PRODUCTION  AND 

PROLACTIN-STIMULATED  MITOGENESIS 


Introduction 

The  environmental  contaminant  TCDD  suppresses  many  aspects  of  immune 
function  in  both  in  vivo  and  in  vitro  models  (Holsapple,  1991).  The  immunosuppressive 
actions  of  TCDD  are  diverse,  with  effects  on  cell-mediated,  humoral,  as  well  as  innate 
immunity.  Additionally,  the  magnitude  of  immunosuppression  varies  with  respect  to  the 
components  of  immune  function  measured,  the  species  tested,  and  the  experimental 
protocol  used.  Little  information  is  available  concerning  the  regulation  of  gene  expression 
by  TCDD  in  lymphocytes  or  the  molecular  mechanism  of  immunotoxicity,  but  evidence 
supports  a  role  for  the  AhR  in  the  immunotoxicity  of  TCDD  (Holsapple,  1991;  Kerkvliet 
and  Burleson,  1994). 

The  best  described  actions  of  the  pituitary  hormone  PRL  are  on  the  mammary 
gland,  yet  PRL  is  now  accepted  as  also  having  an  immunomodulatory  role  (Gala,  1991; 
Murphy  et  al.,  1995).  Several  laboratories  have  shown  that  mouse  and  human 
lymphocytes  produce  PRL  (Montgomery  et  al.,  1990;  Montgomery  et  al.,  1992;  Pellegrini 
et  al.,  1992).  In  addition,  proliferation  was  partially  inhibited  by  addition  of  prolactin 
antiserum  to  mitogen-stimulated  lymphocyte  cultures  (Montgomery  et  al.,  1987;  Hartmann 
et  al.,  1989;  Sabharwal  et  al.,  1992).  PRL  mRNA  has  also  been  detected  in  lymphocytes 
(O'Neal  et  al.,  1992;  Pellegrini  et  al.,  1992;  Sabharwal  et  al.,  1992).  Lymphocytes  from 
mice,  rats,  and  human  express  the  PRL-R  (O'Neal  et  al.,  1991;  Pellegrini  et  al.,  1992; 
Gagnerault  et  al.,  1993;  Viselli  and  Mastro,  1993;  Touraine  et  al.,  1994),  a  further 
suggestion  that  PRL  is  likely  to  play  a  role  in  lymphocyte  function.  Thus,  current  evidence 
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indicates  that  lymphocytes  express  both  components  necessary  for  an  autocrine  and/or 
paracrine  network  of  PRL,  which  may  act  to  promote  lymphocyte  growth  and  function. 

Since  there  is  evidence  that  PRL  has  an  immunomodulatory  role,  factors  which 
regulate  PRL  production  may  therefore  affect  lymphocyte  growth  and/or  function.  Such 
indirect  mechanisms  of  immunomodulation  involving  neuroendocrine  hormones  are  now 
receiving  attention,  especially  in  relation  to  immunotoxicity  assessment  (Fuchs  and 
Sanders,  1994).  Plasma  PRL  levels  have  been  shown  to  be  altered  in  rats  and  mice 
exposed  to  TCDD  in  vivo  (Jones  et  al.,  1987;  Russell  et  al.,  1988;  Moore  et  al.,  1989;  De 
Krey  et  al.,  1994),  which  could  be  responsible  for  some  of  the  immunotoxic  effects  of 
TCDD.  In  this  Chapter,  the  production  of  PRL  and  proteins  immunochemically  related  to 
PRL  was  investigated  in  human  B  lymphocyte  cell  lines  and  rat  spleen  lymphocytes  treated 
with  TCDD.  Several  higher  molecular  weight  proteins  were  identified  in  cell  lysates  that 
cross-reacted  with  PRL  antiserum.  There  are  also  molecular  weight  variants  of  PRL  in  the 
pituitary  (Mena  et  al.,  1992;  Sinha,  1995),  some  with  an  apparent  molecular  weight  similar 
to  those  seen  here  in  lymphocyte  lysates. 

The  second  part  of  this  Chapter  presents  studies  aimed  at  evaluating  the  effect  of 
TCDD  on  PRL-induced  mitogenesis  in  Nb2  cells.  The  Nb2  cell  line  was  established  from 
a  lymph  node  tumor  induced  by  estrogen  in  a  male  rat  of  the  Noble  strain  (Gout  et  al., 
1980),  and  has  been  used  extensively  as  both  a  bioassay  for  PRL  and  to  define  the 
mechanism  of  PRL  signal  transduction.  Nb2  cells  are  dependent  on  PRL  for  growth  and 
PRL  stimulates  mitogenesis  in  these  cells  which  can  easily  be  quantitated  (Gout  et  al., 
1980;  Tanaka  et  al.,  1980).  It  provides  a  simple  model  for  examining  if,  and  how,  a 
compound  may  interfere  with  PRL  action.  PRL-stimulated  ornithine  decarboxylase  activity 
in  spleen  and  thymus  was  impaired  in  TCDD-treated  rats  (Jones  et  al„  1987). 
Furthermore,  TCDD  causes  atrophy  of  the  thymus  in  laboratory  animals  (Vos  et  al.,  1973; 
Vos  and  Moore,  1974;  Holsapple,  1991;  Kerkvliet  and  Burleson,  1994).  The  thymus  is  a 
major  site  of  T  lymphocyte  development,  and  since  the  Nb2  cell  line  is  derived  from  a 
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lymph  node  tumor  of  T  cell  origin  (Fleming  et  al.,  1982) ,  this  cell  line  may  also  serve  to 
understand  how  T  cells  respond  to  PRL.  Glucocorticoids  also  produce  thymic  atrophy, 
and  dexamethasone  has  been  shown  to  alter  the  response  of  Nb2  cells  to  PRL  (Fletcher- 
Chiappini  et  al.,  1993). 

Results 

Identification  of  Proteins  Cross-Reacting  with  PRL  Antiserum  in  Human  B  lymphocytes 

IM-9  cells  were  evaluated  for  PRL  production  by  SDS-PAGE  and  western  blotting. 
Fig.  3- 1  A  shows  that  several  proteins  in  IM-9  conditioned  medium  and  cell  lysates  were 
recognized  by  a  hPRL  antiserum.  The  major  cross-reacting  proteins  in  cell  lysates  and 
conditioned  medium  had  apparent  molecular  weights  of  40,000,  and  27,000  and  54,000, 
respectively.  The  cross-reactivity  of  these  proteins  was  specific  for  the  human  PRL 
antiserum,  as  no  reactivity  was  observed  when  immunostained  with  normal  rabbit  serum 
(data  not  shown).  Purified  pituitary  hPRL  migrated  as  a  Mr  25-27,000  protein  on  SDS- 
PAGE  (Fig.  3-1  A).  Although  PRL  is  a  23  kDa  protein,  glycosylated  variants  of  PRL 
migrate  on  SDS-PAGE  with  slightly  higher  apparent  molecular  weight  (Ellis  and  Picciano, 
1995;  Heffner  et  al.,  1995).  The  Mr  27,000  protein  present  in  IM-9  conditioned  medium 
migrated  similar  to,  but  slightly  higher  than  purified  human  pituitary  PRL;  this  protein  (Mr 
26-28,000)  was  considered  to  be  PRL.  The  identity  of  the  Mr  40,000  protein  present  in 
IM-9  cell  lysates  and  the  Mr  54,000  secreted  protein  is  unknown,  although  there  are 
structural  variants  of  PRL  in  the  pituitary  (Sinha,  1995).  These  proteins  that  cross-reacted 
with  hPRL  antiserum  but  with  Mr  values  different  from  pituitary  PRL  will  hereafter  be 
referred  to  as  PRL-immunoreactive  proteins.  A  similar  set  of  PRL-immunoreactive 
proteins  was  also  detected  in  PJS-91  cells,  a  human  B  lymphocyte  cell  line  generated  by 
EBV  transformation  of  human  peripheral  blood  lymphocytes  (Fig.  3-1  B). 

To  determine  if  these  PRL-immunoreactive  proteins  were  synthesized  in  vitro.  IM-9 
cells  were  cultured  with  [35S]  methionine  to  metabolic  label  newly  synthesized  protein. 
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Cell  lysates  containing  [35S]  labeled  protein  were  then  immunoprecipitated  with  hPRL 
antiserum.  In  Fig.  3-2  A,  several  radiolabeled  proteins  were  precipitated  with  hPRL 
antiserum  with  Mr  values  of  68,000,  64,000,  58,000,  46,000,  42,000,  34,000,  and 
30,000.  Only  the  Mr  42,000  protein  was  clearly  specific  for  the  hPRL  antiserum,  although 
all  bands  were  present  at  higher  levels  in  anti-hPRL  immunoprecipitates  relative  to  normal 
rabbit  serum  immunoprecipitates.  In  a  similar  experiment,  immunoprecipitation  was 
performed  with  unlabeled  IM-9  cell  lysates  followed  by  western  blotting.  Two  PRL- 
immunoreactive  proteins  of  Mr  70,000  and  41  000  were  specifically  immunoprecipitated 
by  the  hPRL  antiserum  (Fig.  3-2  B). 

Thus,  from  these  results,  it  can  be  confided  that  in  addition  to  secreted  PRL,  IM-9 
cells  also  produced  two  intracellular  PRL-immunoreactive  proteins  with  Mr  68-70,000  and 
Mr  40-42,000.  Both  of  these  proteins  were  sj  ithesized  in  vitro  and  could  be  specifically 
immunoprecipitated  with  a  hPRL  antiserum. 

Effect  of  TCDD  on  Lymphocyte  PRL-immunoreactive  Protein  Production 

The  effect  of  TCDD  on  PRL  and  PRL-immunoreactive  protein  production  by  IM-9 
cells  was  evaluated  by  western  blot  analysis.  Fig.  3-3  shows  PRL-immunoreactive  protein 
production  by  IM-9  cells  treated  with  30  nM  TCDD  for  72  hr.  The  levels  of  secreted  PRL 
(Mr  28,000),  and  the  Mr  54,000  secreted  and  Mr  40,000  intracellular  PRL-immunoreactive 
protein  were  not  altered  by  TCDD  treatment.  Also  tested  were  several  other  agents  known 
to  affect  lymphocyte  function:  the  synthetic  glucocorticoid  dexamethasone,  and  the 
cytokines  TGF-(3  and  TNF-a  (Fig.  3-3).  TNF-a  treatment  decreased  the  level  of 
expression  of  PRL  (28K)  and  the  secreted  Mr  54,000  PRL-immunoreactive  protein. 
Dexamethasone  and  TGF-p  1  had  no  effect  on  the  level  of  any  of  these  proteins  in  IM-9 
cells. 

The  effect  of  TCDD  on  PRL  and  PRL-immunoreactive  protein  production  was 
further  evaluated  in  concentration-response  experiments  in  both  IM-9  and  PJS-91  cells. 
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TCDD  (0. 1- 100  nM)  did  not  alter  the  levels  of  secreted  PRL  (Mr  27,000)  in  either  cell  line 
(Fig.  3-4  A).  A  Mr  107,000  secreted  PRL-immunoreactive  protein  was  detected  in 
conditioned  medium  that  had  not  been  previously  identified,  and  TCDD  did  not  affect  the 
level  of  this  protein  at  any  concentration  (Fig.  3-4  A).  Another  PRL-immunoreactive 
protein  with  Mr  66,000  was  detected  in  conditioned  medium  in  this  experiment.  A  protein 
of  this  size  had  been  detected  in  cell  lysates  but  had  not  previously  been  detected  in 
conditioned  medium.  The  reason  this  protein  went  undetected  may  be  due  to  co-migration 
with  a  very  large  band  in  conditioned  medium  in  earlier  experiments,  presumably  residual 
albumin  left  in  the  serum-free  medium  (see  Fig.  3-1  and  Fig.  3-3).  TCDD  treatment  did 
not  alter  the  level  of  this  protein  in  PJS-91  cells.  In  IM-9  cells,  however,  TCDD,  >  1  nM, 
increased  the  level  of  the  secreted  Mr  66,000  with  a  concomittant  decrease  in  the  level  of 
two  slightly  faster  migrating  PRL-immunoreactive  bands.  The  level  of  the  Mr  67,000  and 
34-38,000  PRL-immunoreactive  proteins  in  IM-9  and  PJS-91  cell  lysates  was  also 
unaffected  by  TCDD  treatment  (Fig.  3-4  B). 

Production  of  PRL  and  PRL-immunoreactive  proteins  was  also  evaluated  by 
western  blotting  in  rat  spleen  lymphocytes.  These  cells  produced  a  secreted  Mr  25,000 
(PRL)  and  an  intracellular  Mr  43,000  PRL-immunoreactive  protein  (Chapters  4  and  5). 
Spleen  lymphocytes  isolated  from  pregnant  rats  administered  TCDD  m  vivo  did  not  show 
any  difference  in  production  of  secreted  PRL  relative  to  control  animals.  Likewise,  TCDD 
treatment  in  vitro  of  spleen  lymphocytes  from  untreated  rats  did  not  affect  production  of 
PRL  or  the  intracellular  Mr  43,000  PRL-immunoreactive  protein  (data  not  shown). 

Effect  of  TCDD  on  PR  I. -Stimulated  Proliferation  in  Lymphocytes 

The  ability  of  Nb2  cells  to  proliferate  in  response  to  PRL  provides  a  simple,  yet 
reliable  model  for  evaluating  the  effect  of  TCDD  on  the  PRL  signal  transduction  pathway  in 
lymphocytes.  Fig.  3-5  shows  a  typical  Nb2  assay  measuring  the  proliferative  response  to 
varying  concentrations  of  PRL.  Rat  and  human  PRL  were  equally  efficient  at  stimulating 
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proliferation  of  Nb2  cells,  as  the  maximal  stimulation  (measured  as  thymidine 
incorporation)  for  each  hormone  was  similar.  This  preparation  of  hPRL  was  slightly  more 
potent  than  rPRL  with  EC50  values  of  0.12  ng/ml  nad  0.73  ng/ml,  respectively.  In  the 
absence  of  serum  or  PRL,  Nb2  cells  do  not  proliferate.  TCDD  did  not  significantly  alter 
Nb2  cell  thymidine  incorporation  (Fig.  3-6.  background)  or  cell  viability  (data  not  shown) 
in  the  absence  of  PRL  or  FBS.  TCDD  also  did  not  significantly  affect  cell  proliferation 
under  optimal  growth  conditions;  i.e.  in  the  presence  of  FBS  (Fig.  3-6).  There  was, 
however,  a  slight  concentration-related  increase  and  decrease  (15-20%  at  100  nM  TCDD) 
in  background  and  FBS-stimulated  cell  proliferation,  respectively.  The  effect  of  TCDD  on 
Nb2  cell  proliferation  in  response  to  increasing  concentration  of  PRL  is  shown  in  Fig.  3-7. 
These  experiments  used  concentrations  of  PRL  spanning  several  orders  of  magnitude  to 
ensure  that  any  effect  of  TCDD,  either  enhancement  or  inhibition  of  the  PRL  response, 
could  be  detected.  TCDD  (0.1-250  nM)  did  not  have  any  effect  on  proliferation  in 
response  to  suboptimal  or  optimal  concentrations  of  human  PRL.  In  other  experiments, 
TCDD  was  added  to  the  Nb2  cells  at  various  times  with  respect  to  stimulation  with  PRL. 
Addition  of  TCDD  to  Nb2  cells  at  18  hr  or  42  hr  after  stimulation  with  an  optimal 
concentration  of  PRL  did  not  affect  the  response  to  PRL  (Fig.  3-8).  Further  experiments 
were  performed  treating  Nb2  cells  with  TCDD  during  the  period  of  starvation  prior  to  the 
assay  (i.e.,  in  the  absence  of  PRL  or  serum).  In  these  experiments,  Nb2  cells  were  either 
pretreated  with  TCDD,  or  TCDD  was  added  at  the  same  time  or  after  stimulation  with  PRL. 
Under  these  conditions,  TCDD  (1-100  nM)  did  not  affect  the  proliferative  response  of  Nb2 
cells  to  a  suboptimal  (Fig.  3-9  A),  or  an  optimal  (Fig.  3-9  B)  concentration  of  PRL.  In 
some  experiments,  dexamethasone  was  used  as  a  positive  control  for  inhibition  of  Nb2  cell 
proliferation  since  it  has  been  shown  to  inhibit  both  background  and  PRL-stimulated 
proliferation  of  Nb2  cells  (Fletcher-Chiappini  et  al„  1993).  As  expected,  dexamethasone 
decreased  proliferation  in  response  to  a  suboptimal  concentration  of  PRL,  but  in  the 
absence  of  PRL  (pretreatment),  cell  viability  was  greatly  reduced  (data  not  shown). 
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The  effect  of  TCDD  on  the  response  of  rat  spleen  lymphocytes  to  PRL  was 
evaluated  in  experiments  using  lymphocytes  from  animals  that  had  been  administered 
TCDD  in  vivo  or  lymphocytes  treated  with  TCDD  in  vitro.  No  effect  of  PRL  on 
proliferation  of  spleen  lymphocytes  from  mice  or  rats  could  be  reproducibly  detected,  either 
when  added  alone,  or  in  combination  with  the  mitogens  PWM  or  LPS.  However,  TCDD 
treatment  in  vitro  did  suppress  background  and  LPS-stimulated  proliferation  in  murine 
spleen  lymphocytes,  while  PWM-stimulated  proliferation  was  unaltered  by  TCDD  (Fig.  3- 
10).  TCDD  was  equally  effective  in  suppressing  the  proliferative  response  to  LPS  when 
added  before,  at  the  same  time,  or  after  LPS.  Background  thymidine  incorporation  was 
suppressed  when  TCDD  was  added  at  the  time  of  assay  or  6  hr  after,  but  not  when  the  cells 
were  pretreated  for  18  hr  with  TCDD  (Fig.  3-10).  In  this  experiment,  PRL  did  not  affect 
control  spleen  lymphocyte  proliferation,  nor  was  it  able  to  restore  proliferation  in  TCDD- 
treated  cells  to  normal  levels  (data  not  shown). 

Discussion 

Although  PRL  is  classically  considered  to  be  an  anterior  pituitary  hormone,  many 
tissues  have  been  found  to  produce  PRL  indistinguishable  from  pituitary  PRL  (Sinha, 
1995).  In  addition  to  the  23K  PRL  form,  several  other  forms  of  PRL  can  be  detected  in 
biological  samples  from  various  species  (Sinha,  1995).  PRL  variants  of  16  K,  21  K,  25 
K,  45  K,  and  >60  K  have  been  identified,  and  it  is  likely  that  at  least  some  of  these  variants 
result  from  post-translational  modifications. 

In  these  studies,  several  PRL-immunoreactive  proteins  produced  by  the  IM-9  and 
PJS-91  human  B  lymphocyte  cell  lines  were  detected  using  western  blot  analysis.  In  cell 
lysates,  the  PRL-immunoreactive  proteins  detected  had  apparent  molecular  weights  of  40- 
42,000,  34-38,000,  and  66-68,000.  The  secreted  PRL-immunoreactive  proteins  detected 
had  apparent  molecular  weights  of  26-28,000,  54,000,  66,000,  and  107,000.  There  are 
published  reports  of  proteins  of  similar  molecular  weight  detected  with  PRL  antiserum.  In 
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rat  pituitary  homogenates,  an  Mr  43,000  protein  was  detected  by  western  blotting  (Mena  et 
al.,  1992),  and  a  Mr  41,000  PRL-immunoreactive  protein  was  detected  in  human  pituitary 
homogenates  (Meuris  et  al.,  1983).  Ellis  et  al .  (1995)  identified  a  non-glycosylated  PRL- 
immunoreactive  protein  with  Mr  42,000,  as  well  as  Mr  28,000  and  32,000  glycosylated 
PRL-immunoreactive  proteins  in  human  milk.  Mouse  thymocytes  expressed  a  Mr  30,000 
PRL-immunoreactive  protein  (Montgomery  et  al„  1990),  and  a  Mr  45-46,000  PRL- 
immunoreactive  protein  was  identified  in  ConA-stimulated  murine  spleen  lymphocytes 
(Kenner  et  al.,  1990;  Shah  et  al.,  1991).    Human  lymphocytes  produced  Mr  24,000 
(Montgomery  et  al.,  1992),  Mr  27,000  (Montgomery  et  al.,  1992),  and  Mr  60,000  PRL- 
immunoreactive  proteins  (Sabharwal  et  al.,  1992).    AG-876  and  Ramos,  two  Burkitts 
lymphoma  (human  B  lymphocyte)  cell  lines,  expressed  Mr  60,000  and  29,000  PRL- 
immunoreactive  proteins,  respectively  (Baglia  et  al.,  1991;  Sabharwal  et  al.,  1992).  PRL 
is  a  23  kDa  protein  and  it  is  likely  that  the  Mr  21-27,000  PRL-immunoreactive  proteins  in 
lymphocytes  identified  by  other  laboratories  (Montgomery  et  al.,  1990;  Baglia  et  al.,  1991; 
Montgomery  et  al.,  1992;  Pellegrini  et  al.,  1992)  is  identical  to  pituitary  PRL.  In  contrast, 
there  is  no  convincing  evidence  that  any  of  the  higher  molecular  weight  PRL- 
immunoreactive  proteins  in  pituitary  extracts  or  lymphocytes  are  structurally  related  to 
PRL.  It  has  been  suggested  that  some  of  these  forms  result  from  oligomerization  of  PRL, 
however,  in  some  instances,  reducing  and  denaturing  agents  did  not  affect  the  molecular 
weight  as  determined  by  SDS-PAGE,  indicating  that  if  these  variants  are  PRL  oligomers, 
then  they  are  formed  by  covalent  interactions.     Indeed,  it  has  been  proposed  that 
glycosylated  PRL  may  form  covalent  dimers  or  that  PRL  may  become  covalently  linked  to 
binding  proteins  (Sinha,  1992).  In  line  with  this  hypothesis,  it  was  recently  demonstrated 
that  Mr  75,000  and  98,000  PRL-immunoreactive  proteins  in  human  serum  were  covalent 
complexes  between  PRL  and  the  immunoglobulin  G  heavy  chain  (Walker  et  al.,  1995). 

In  these  studies,  TCDD  did  not  affect  the  production  of  PRL  or  PRL- 
immunoreactive  proteins  by  IM-9  or  PJS-91  human  B  lymphocyte  cell  lines.  In  the  TCDD 
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concentration-response  experiment  (Fig.  3-4),  a  Mr  66,000  PRL-immunoreactive  protein  in 
IM-9  conditioned  medium  was  increased  by  TCDD.  However,  this  parallelled  a  decrease 
in  two  closely  migrating  lower  Mr  bands.  The  faster  migrating  immunoreactive  bands  may 
be  proteolytic  fragments,  or  dephosphorylated  or  deglycosylated  forms  of  the  Mr  66,000 
protein  since  no  similar  bands  were  detected  in  PJS-91  conditioned  medium  or  in  either  IM- 
9  or  PJS-91  cell  lysates.  Whether  this  effect  of  TCDD  is  due  to  an  alteration  in  post- 
translational  modification  (e.g.  phosphatase  activity  or  proteolytic  processing)  or 
experimental  artifact  (sample  preparation)  is  not  known.  These  cell  lines  do  express  the 
AhR  complex  capable  of  binding  to  DNA  (Chapter  6),  so  it  is  unlikely  the  lack  of  effect  of 
TCDD  on  PRL  production  is  due  to  an  inability  of  these  cells  to  respond  to  TCDD. 

Other  compounds  have  been  shown  to  alter  PRL  production  in  the  IM-9  cell  line.  It 
was  reported  that  in  IM-9  cells,  phorbol  ester  decreased  PRL  mRNA  levels  but  increased 
the  secretion  of  PRL  (Gellersen  et  al.,  1989).  Retinoic  acid  also  increased  PRL  production 
in  IM-9  cells  and  this  was  demonstrated  to  occur  at  the  post-transcriptional  level  (Gellersen 
et  al.,  1992).  On  the  other  hand,  of  several  regulatory  factors  examined,  dexamethasone 
was  the  only  factor  known  to  influence  pituitary  PRL  production  that  also  affected  PRL 
production  in  IM-9  cells  (Gellersen  et  al.,  1988).  In  the  experiments  presented  here, 
however,  dexamethasone  did  not  affect  production  of  any  of  the  PRL-immunoreactive 
proteins.  Clearly,  PRL  gene  expression  in  IM-9  cells,  and  most  likely  in  normal 
lymphocytes,  is  under  different  regulatory  control  than  PRL  gene  expression  in  the 
pituitary.  This  is  not  surprising  since  the  PRL  mRNA  5'  untranslated  region  in  IM-9  cells 
is  unique  from  the  pituitary  (DiMattia  et  al.,  1990).  This  difference  was  found  to  result 
from  a  non-coding  exon  upstream  of  exon  1  that  is  not  transcribed  in  the  pituitary  (DiMattia 
et  al.,  1990).  To  this  end,  a  lymphoid  specific  enhancer  element  has  been  identified  in  the 
hPRL  gene,  although  factors  binding  to  this  DNA  region  have  yet  to  be  identified  (Berwaer 
et  al.,  1994).  TGF-pi  and  (52  was  reported  to  decrease  PRL  mRNA  levels  in  rat  GH3 
pituitary  cells  (Delidow  et  al.,  1991),  and  this  cytokine  has  important  immunoregulatory 
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properties.   However,  in  the  studies  presented  here,  there  was  no  effect  of  TGF-pl  on 
PRL  or  PRL-immunoreactive  protein  production  in  IM-9  cells. 

PRL-stimulated  ornithine  decarboxylase  activity  in  the  thymus  and  spleen  was 
reported  to  be  inhibited  in  TCDD-L  d  animals  (Jones  et  ah,  1987),  although  these 
authors  did  not  determine  which  cell  types  in  these  organs  were  responding  to  PRL.  PRL 
induces  the  transcription  of  ornithine  decarboxylase  in  Nb2  lymphoma  cells  which  may  be 
important  for  cell  growth  (Yu-Lee,  1990).  In  the  present  study,  under  several  different 
experimental  conditions,  TCDD  did  not  affect  the  ability  of  Nb2  cells  to  proliferate  in 
response  to  PRL.  It  is  possible  that  the  PRL  signal  transduction  pathway  is  subtly  different 
in  Nb2  cells  compared  to  normal  tissues,  which  could  account  for  the  exquisite  sensitivity 
of  these  cells  to  PRL  and  the  lack  of  effect  of  TCDD  on  Nb2  cells.  Indeed,  Nb2  cells  have 
a  mutant  form  of  the  PRL-R  with  an  ircreased  affinity  for  PRL,  designated  the  intermediate 
form  because  of  the  size  relative  to  tne  previously  identified  alternatively  spliced  long  and 
short  forms  of  the  PRL-R  (Ali  et  al.,  1991). 

TCDD  also  had  no  effect  on  Nb2  cell  viability  or  cell  proliferation  under  optimal 
growth  conditions.  The  severe  thymic  atrophy  in  TCDD-treated  mice  and  rats  is 
characterized  by  a  depletion  of  cortical  thymocytes  (Vos  and  Moore,  1974),  although  the 
mechanism  for  this  effect  is  unknown.  Evidence  suggests  that  one  possibility  for  the 
TCDD-induced  thymic  atrophy  was  an  inability  of  immature  T  cells  in  the  thymus  of 
TCDD-treated  animals  to  differentiate  (Blaylock  et  al.,  1992;  Kerkvliet  and  Burleson, 
1994).  The  Nb2  cell  line  has  previously  been  characterized  as  having  an  immature 
CD4+CD8+  T  cell  phenotype  (Fleming  et  al.,  1982),  suggesting  that  Nb2  cells  might  be  a 
good  model  for  examining  the  effects  of  TCDD  on  immature  T  cells.  Other  T-cell 
dependent  responses  are  suppressed  by  TCDD  in  animal  models  (Vos  and  Moore,  1974; 
Kerkvliet  and  Burleson,  1994),  however,  in  some  cases  these  results  have  been  difficult  to 
reproduce  using  in  vitro  systems  (Kerkvliet  and  Burleson,  1994).  With  this  in  mind,  it  is 
not  as  surprising  that  TCDD  had  no  effect  on  Nb2  cell  growth  or  viability. 
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In  summary,  two  human  B  lymphocyte  cell  lines,  IM-9  and  PJS-91,  produced 
several  proteins  in  addition  to  PRL  that  cross-reacted  with  hPRL  antiserum.  Proteins 
cross-reacting  wth  hPRL  antiserum  that  have  a  similar  molecular  weight  as  those  reported 
here  have  been  documented,  however,  an  exact  identification  of  these  proteins  has  not  been 
made.  There  is  still  no  solid  evidence  these  proteins  are  structural  variants  of  PRL.  TCDD 
treatment  of  IM-9  and  PJS-91  cells  did  not  qualitatively  or  quantitatively  alter  the 
production  of  PRL  or  PRL-immunoreactive  proteins  in  these  cell  lines.  TCDD  likewise  did 
not  affect  the  ability  of  the  PRL-dependent  Nb2  lymphoma  cell  line  to  proliferate  in 
response  to  PRL.  From  these  studies,  it  can  be  concluded  that  neither  lymphocyte 
production  of  PRL  nor  the  PRL  signalling  pathway  in  lymphocytes  appears  to  be  a  target 
for  TCDD. 
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Figure  3-1.  Analysis  of  PRL  and  PRL-immunoreactive  proteins  in  IM-9  and  PJS-91 
human  B  lymphocyte  cell  lines.  (A)  Left,  PRL  and  PRL-immunoreactive  protein 
production  by  IM-9  cells.  Right,  50  ng  purified  human  pituitary  PRL  (NIDDK).  (B)  PRL 
and  PRL-immunoreactive  protein  production  by  PJS-91  cells.  IM-9  and  PJS-91  cells  were 
cultured  at  5  x  105/ml  for  24  and  48  hr,  respectively,  washed,  and  then  replated  at  1  x 
106/ml  for  an  additional  4  hr  in  serum-free  medium.  Conditioned  medium  (CM)  or  whole 
cell  extracts  (L)  from  1  x  106  cells  were  analyzed  by  SDS-PAGE  and  western  blotting 
The  blots  were  stained  with  anti-hPRL-P4802-l  at  a  final  dilution  of  1:600.  The  major 
PRL-immunoreactive  proteins  are  denoted  by  arrows.  The  position  of  molecular  weight 
size  standards  are  indicated  on  the  left. 
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Figure  3-2.  Immunoprecipitation  of  PRL-immunoreactive  proteins  from  IM-9  cell  lysates. 
(A)  Autoradiograph  of  [^-labeled  proteins  in  IM-9  cell  lysates  immunoprecipitated  by 
anti-hPRL-P4802- 1 .  The  autoradiograph  shown  is  an  overexposure  to  reveal  the  fainter 
immunoprecipitated  bands.  Each  lane  contains  the  normal  rabbit  serum  (NRS)  or  anti 
hPRL  immunoprecipitate  from  NP-40  cell  lysate  equivalent  to  1  x  107  cells.  (B) 
Immunoblot  of  proteins  in  IM-9  cell  lysates  immunoprecipitated  by  anti-hPRL-P4802- 1 . 
IM-9  cells  were  lysed  by  three  rounds  of  freeze-thawing  in  hypotonic  lysis  buffer  (10  mM 
Tns-HCl,  pH  7.4,  10  mM  NaCl,  1.5  mM  MgC12,  1  mM  EDTA)  containing  protease 
inhibitors.  Each  lane  contains  the  immunoprecipitate  of  freeze-thaw  lysate  equivalent  to  3  x 
107  cells.  The  large  band  migrating  at  approximately  50  K  is  IgG  heavy  chains  from  the 
hPRL  antiserum  that  are  recognized  by  the  secondary  antibody  used  in  western  blotting 
The  weaker  band  migrating  at  approximately  25  K  is  most  likely  IgG  light  chains  resulting 
from  a  similar  phenomenon.  The  major  PRL-immunoreactive  proteins  are  denoted  by 
arrows.  The  position  of  molecular  weight  size  standards  are  indicated  on  the  left. 
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Fig.  3-3.  Effect  of  TCDD,  dexamethasone,  TGF-pT,  and  TNF-a  on  PRL-immunoreactive 
protein  production  by  IM-9  cells.  IM-9  cells  were  cultured  at  a  density  of  5  x  105/m]  with 
30  nM  TCDD,  100  nM  dexamethasone  (DEX),  1  ng/ml  TGF-pl,  or  100  pg/ml  TNF-a  for 
72  hr,  then  washed  and  recultured  another  24  hr  in  serum-free  medium.  Conditioned 
medium  (CM)  or  cell  lysates  (L),  100  ag  each  lane,  were  analyzed  by  SDS-PAGE  and 
immunoblotting.  Anti-hPRL-P4802-l  was  used  at  a  final  dilution  of  1:800.  The  major 
PRL-immunoreactive  proteins  are  denoted  by  arrows.  The  position  of  molecular  weieht 
size  standards  are  indicated  on  the  left. 


r-Ssa 


2^2133 

sS  a  >.  i,  a 

<^  ,£•  —  fv)    m 
2    XT3°r.SP 

T|l  n  o 

iS  ^3  .c  c 
■^  <u  t=  h 


o 


1  °  E  s 
a  2 -a -a 

c  S  a  8  o 


51||f 

lis  II 


i 

I 

[       ( 

I 

1       I 

t      11 

I         1 

1      II 

i       1 1 

1            ! 

x  x      k       *           ki*       *                * 
SETS           TTr       R                 5 

M            J 

i  -nit       i 

i  irtf  j      • 

- 

i  um        1 

1     1  £  U       _     I 

•mw  -■    *            • 

• 

I     I 

II          W     1 

II          ,  J      1 

i   in 

i   ■ 

St£      T      3             R       sT 

51 


100 


EC50  (ng/ml) 


rPRL        0.73 
--O—    hPRL       0.12 


0.01 


0.1  1  10  100 

[PRL]-ng/ml 


Figure  3-5.  Concentration-response  curves  for  the  proliferative  response  of  Nb2  cells  to 
rat  and  human  PRL.  The  Nb2  assay  was  performed  as  described  in  Materials  and 
Methods.  The  values  are  the  mean  ±  SE  of  triplicate  wells  from  a  representative 
experiment.  The  data  are  expressed  as  the  percentage  of  stimulation  at  each  concentration 
relative  to  the  maximal  stimulation  observed  with  each  hormone.  The  background  values 
were  684  +  46  cpm,  and  the  maximal  response  to  rPRL  and  hPRL  was  190  367  ±  1  931 
and  184,669  +  3,43 1  cpm,  respectively.  EC50  values  were  calculated  by  linear  regression 
analysis  of  the  linear  portion  of  each  curve 
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Figure  3-6.  Concentration-response  for  the  effect  of  TCDD  on  background  and  serum- 
stimulated  proliferation  of  Nb2  cells.  Background  (no  FBS  or  PRL)  or  FBS-stimulated 
proliferation  of  Nb2  cells  were  measured  in  a  Nb2  assay.  The  values  are  the  mean  ±  SE  of 
triplicate  wells  from  a  representative  experiment.  The  data  are  expressed  as  the  percentage 
of  control  response  (i.e.  in  the  absence  of  TCDD).  The  control  values  for  background  and 
FBS  were  1.010  ±  15  and  190,822  ±  20,740  cpm,  respectively 
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x,'^re  ?,  •  Concentration-response  for  the  effect  of  TCDD  on  the  proliferative  response  of 
Nb2  cells  to  hPRL.  TCDD  and  hPRL  were  added  concurrently  to  Nb2  cells  at  the  time  of 
assay.  The  values  are  the  mean  ±  SE  net  cpm  of  triplicate  wells  from  a  representative 
experiment.  The  data  are  expressed  as  the  percent  of  stimulation  relative  to  the  maximal 
stimulation  observed  with  hPRL.  The  maximal  response  to  hPRL  was  144  963  ±  2  837 
cpm. 
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Figure  3-8.  Concentration-response  of  the  effect  of  TCDD  added  at  different  times  on  Nb2 
cell  proliferation.  TCDD  was  added  to  Nb2  cells  either  concurrently  with,  18  hr  after  or 
42  hr  after  stimulation  with  hPRL.  The  values  are  the  mean  +  SE  net  cpm  of  triplicate 
wells  from  a  representative  experiment  and  are  calculated  as  the  percentage  of  stimulation 
relative  to  the  maximal  stimulation  observed  with  hPRL.  The  values  shown  are  the  effect 
of  TCDD  on  the  proliferative  reponse  to  an  optimal  concentration  of  hPRL  (1  ng/ml)  which 
was  93%  of  the  maximal  cpm.  The  maximal  response  to  hPRL  in  untreated  cells  was 
92,319  +  6,924  cpm. 
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Figure  3-9.  Effect  of  TCDD  pretreatment  on  Nb2  ceil  proliferation  in  response  to 
suboptimal  and  optimal  concentrations  of  hPRL.  TCDD  was  added  to  Nb2  cells  either  for 
24  hr  prior  to  the  assay  and  washed  out  before  the  assay  (pretreatment  only),  for  24  hr 
prior  to  the  assay  and  during  the  assay  (pretreatment  +  assay),  or  only  during  the  time  of 
assay  (assay  only).  The  values  are  the  mean  ±  SE  of  triplicate  wells  from  a  representative 
experiment.  The  data  are  expressed  as  the  percentage  of  control  response  (i.e.  in  the 
absence  of  TCDD).  (A).  Proliferative  response  to  a  suboptimal  concentration  of  hPRL 
(0.05  ng/ml).  The  control  response  was  6,908  ±  182  cpm.  (B).  Proliferative  response  to 
an  optimal  concentration  of  hPRL  (0.5  ng/ml).  The  control  response  was  59,816  ±  1  053 
cpm. 
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Figure  3-10.  Effect  of  TCDD  on  the  proliferative  response  of  murine  spleen  lymphocytes 
Spleen  lymphocytes  isolated  from  pregnant  mice  were  evaluated  for  background,  and 
PWM-  and  LPS-stimulated  proliferation  with  a  pHJthymidtae  incorporation  assay.  TCDD 
(30  nM)  was  added  18  hr  before,  at  the  same  time,  or  6  hr  after  stimulation.  The  values  are 
the  mean  ±  SE  of  triplicate  wells  from  a  representative  experiment  calculated  as  the 
percentage  of  control  response  (i.e.  in  the  absence  of  TCDD).  The  control  response  was 
6,017  ±  1,123,  39,106  ±  3,869.  and  90,043  ±  2,296  cpm  for  background,  PWM-  and 
LPS-stimulated  proliferation,  respectively. 


CHAPTER  4 

EVALUATION  OF  IMMUNE  PARAMETERS  AND  LYMPHOCYTE  PROLACTIN 

IMMUNOREACTIVE  PROTEIN  PRODUCTION  AFTER  CHRONIC 

ADMINISTRATION  OF  COCAINE  TO  PREGNANT  RATS 


Introduction 

Cocaine  is  a  widely  abused  illicit  drug  with  an  estimated  5-6  million  regular  users  in 
North  America  (Das,  1993).  The  adverse  effects  of  cocaine  are  well  documented  and 
include  central  nervous  system  and  cardiovascular  toxicity  (Loper,  1989).  Recent  evidence 
showing  that  cocaine  use  is  associated  with  a  variety  of  infections  (Richter,  1993),  as  well 
as  HIV  seropositivity  (Anthony  et  al.,  1991)  has  lead  to  renewed  interest  in  the  possible 
immunotoxicity  of  cocaine.  In  cocaine  users,  alterations  in  peripheral  blood  T  cell 
subpopulations  have  been  observed  (Ruiz  et  al.,  1994),  and  proliferation  of  human 
lymphocytes  was  altered  by  direct  exposure  to  cocaine  in  vitro  (Klein  et  al.,  1993;  Phillips 
etal.,  1995). 

Animal  studies  have  shown  that  cocaine  affects  different  aspects  of  immune 
function  after  in  vivo  administration  .  In  mice,  cocaine  treatment  decreased  lymphoid  organ 
weights  and  the  number  of  lymphocytes  recovered  from  these  organs  (Faith  and  Valentine, 
1983;  Ou  et  al.,  1989;  Di  Francesco  et  al.,  1992;  Pirozhkov  et  al.,  1992),  natural  killer  cell 
and  cytotoxic  T  cell  activity,  and  splenocyte  cytokine  production  (Di  Francesco  et  al.,  1992; 
Pirozhkov  et  al.,  1992).  Primary  antibody  responses  of  splenocytes  from  cocaine-treated 
rats  (Bagasra  and  Forman,  1989)  and  mice  (Faith  and  Valentine,  1983;  Holsapple  and 
Munson,  1985;  Havas  et  al.,  1987;  Ou  et  al..  1989)  were  increased  or  decreased  depending 
on  the  antigen  used  for  immunization  and  the  dosage  regimen.  In  addition,  cocaine  directly 
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modulated  proliferation  of  mouse  (Klein  et  al„  1988)  and  rat  (Berkeley  et  al.,  1994)  spleen 
lymphocytes  in  culture. 

Cocaine  use  during  pregnancy  has  been  asssociated  with  developmental  toxicity 
including  preterm  delivery  (Handler  et  al.,  1991 ),  abruptio  placentae  and  stillbirth  (Bingol 
et  al.,  1987),  and  low  infant  birth  weight  (Bingol  et  al.,  1987;  Handler  et  al.,  1991; 
Chasnoff  et  al.,  1992).  Pregnancy  is  accompanied  by  specific  changes  in  the  the  lymphoid 
organs  of  mice  and  rats  (McLean  et  al.,  1974;  Medina  et  al..  1993;  Clark  et  al.,  1994), 
which  prompted  the  question  of  whether  the  pregnant  animal  may  be  more  susceptible  to 
cocaine-induced  immunotoxicity,  and  thereby  allow  the  transmission  of  infectious  diseases 
to  the  developing  fetus.  In  this  regard,  no  study  to  date  has  examined  the  effects  of  cocaine 
exposure  on  maternal  immune  function  during  pregnancy.  Although  the 
immunomodulatory  effects  of  in  utero  cocaine  exposure  in  humans  are  unknown,  Sobrian 
et  al.  ( 1 990)  reported  that  young  rats  exposed  to  cocaine  in  utero  had  significantly  altered 
spleen  and  thymus  body  weight  ratios. 

Previous  work  in  this  laboratory  established  a  model  of  chronic  cocaine 
administration  to  pregnant  rats  which  results  in  significant  fetal  growth  retardation  with 
minimal  maternal  toxicity  (Salhab  et  al.,  1994).  While  cocaine  impaired  fetal  growth,  no 
changes  were  observed  in  placental  growth  or  the  synthesis  of  placental  prolactin-like 
proteins.  The  purpose  of  this  work  was  to  examine  the  effects  of  this  cocaine  dosing 
regimen  on  the  immune  system  of  pregnant  rats,  including  lymphoid  organ  weights  and 
lymphocyte  proliferative  and  secretory  responses  in  vitro.  Plasma  levels  of  prolactin  (PRL) 
and  growth  hormone  (GH)  were  measured  since  both  hormones  have  major  roles  in 
maintaining  immunocompetence  (Gala,  1991),  and  cocaine  administration  alters  the  serum 
levels  of  several  neuroendocrine  hormones  in  rats  (Van  de  Kar,  1992).  An  additional 
immune  parameter  studied  was  lymphocyte  production  of  prolactin-immunoreactive 
proteins  based  upon  recent  evidence  that  local  autocrine/paracrine  production  of  these 
proteins  by  lymphocytes  may  have  an  effector  role  in  the  immune  system  (Hartmann  et  al.. 
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1989:Kenneretal.,  1990;  Montgomery  et  al.,  1990;  Shah  et  al.,  1991).  Evaluation  of  the 
effects  of  cocaine  on  immune  function  in  pregnant  animals  and  women  makes  a  significant 
and  relevant  contribution  to  our  understanding  of  the  effects  of  cocaine  on  the  immune 
system  and  the  relationship  between  pregnancy  and  susceptibility  to  immunotoxicity. 

Results 

Effect  of  Cocaine  Treatment  on  Body  and  I  .vmphoid  Organ  Weights 

A  previous  study  in  this  laboratory  showed  that  administration  of  30  mg  cocaine/kg 
i.p.  to  pregnant  rats  produced  a  peak  plasma  level  of  1.09  +  0. 17  u.g/ml  cocaine  1  hr  after 
injection  (Salhab  et  al.,  1994).  This  blood  level  in  rats  is  similar  to  that  reported  in  human 
saliva  and  plasma  after  i.v.  administration  (Cone  et  al.,  1988).  The  previous  study  further 
demonstrated  that  administration  of  30  mg/kg  twice  daily  from  gestation  days  8  to  19 
significantly  decreased  fetal  body  weight  without  any  change  in  placental  growth  (Salhab  et 
al.,  1994).  It  would  be  difficult  to  separate  direct  effects  of  cocaine  on  the  immune  system 
from  immunomodulation  as  a  result  of  inadequate  diet  and/or  malnutrition.  Therefore,  food 
intake  was  monitored  closely  and  there  was  no  significant  difference  in  food  consumption 
between  the  control  and  cocaine-treated  animals  (data  not  shown).  The  body  and  lymphoid 
organ  weights  and  lymphocyte  yields  from  control  and  cocaine-treated  animals  are  shown 
in  Table  4-1.  No  significant  differences  were  observed  in  maternal  body  weight,  nor  in 
relative  spleen  and  thymus  weights  between  control  and  cocaine-treated  animals.  In 
addition,  the  total  number  of  lymphocytes  isolated  from  spleen  and  thymus  were 
comparable  between  the  two  groups,  and  lymphocyte  viability  was  >97%  in  all  cases. 

Since  pregnant  animals  gain  a  considerable  amount  of  weight  during  gestation, 
body  and  lymphoid  organ  weights  were  also  measured  in  non-pregnant  rats  treated  with  the 
same  dosing  regimen  of  cocaine  to  determine  whether  cocaine  treatment  had  any  effect  on 
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these  parameters  in  the  non-pregnant  animal.  As  seen  in  the  pregnant  animals,  body  weight 
and  relative  spleen  and  thymus  weights  were  not  altered  by  cocaine  treatment  (Table  4-2). 

Plasma  Levels  of  IgG.  PRL.  GH.  and  IGF-1 

Fig.  4-1  shows  the  maternal  plasma  levels  of  IgG,  PRL,  GH.  and  IGF-1  from 
control  and  cocaine-treated  animals.  In  the  cocaine-treated  dams,  plasma  levels  of  IgG 
were  46%  higher  than  in  control  animals  (P  <  .05).  In  contrast,  the  plasma  levels  of  PRL, 
GH,  and  IGF-1  were  not  significantly  different  between  the  two  treatment  groups.  These 
values  for  PRL.  GH,  and  IGF- 1  are  in  the  range  previously  reported  for  late  gestation 
pregnant  rats  (Carlsson  et  al..  1990:  Davenport  et  al.,  1990;  Grattan  and  Averill,  1990). 
The  substantial  variability  in  maternal  plasma  PRL  levels  most  likely  reflects  the  surge  of 
PRL  secretion  prior  to  parturition,  which  is  in  contrast  to  the  constant  levels  of  GH  and 
IGF-1. 

Mitogen-Stimulated  Proliferative  Responses  of  Spleen  Lymphocytes  and  Thymocytes 

Spleen  lymphocytes  and  thymocytes  isolated  from  control  and  cocaine  treated 
animals  were  evaluated  for  proliferative  responses  in  vitro  to  a  panel  of  T  cell  mitogens 
(ConA,  PHA,  and  IL-2),  the  mixed  B  and  T  cell  mitogen  PWM,  and  the  B  cell  mitogen 
LPS.  Basal  PH]-thymidine  incorporation  in  unstimulated  spleen  lymphocytes  from 
control  and  cocaine-treated  groups  was  not  significantly  different,  4,644  ±  639  cpm  and 
5,616  ±  726  cpm,  respectively.  Data  in  Fig.  4-2  A,  expressed  as  net  cpm  (total  cpm  -  basal 
cpm)  show  that  stimulation  with  the  individual  mitogens  increased  spleen  lymphocyte 
[3H]-thymidine  incorporation  4-40  fold,  with  ConA  being  the  most  potent.  The  levels  of 
thymidine  incorporation  by  spleen  lymphocytes  from  control  and  cocaine-treated  groups 
were  comparable  in  the  presence  of  both  suboptimal  and  optimal  concentrations  of  ConA 
and  PWM,  as  well  as  PHA,  LPS,  and  IL-2  (Fig.  4-2  A).   It  should  be  noted  that  spleen 
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lymphocytes  from  cocaine-treated  animals  consistently  showed  a  greater  response  to  ConA 
and  PHA,  although  these  differences  were  not  significant. 

The  proliferative  response  of  thymocytes  was  examined  only  after  stimulation  with 
ConA,  PWM,  and  IL-2  since  thymocytes  respond  poorly  to  PHA  and  not  at  all  to  LPS 
(Fig.  4-2  B).  Basal  thymidine  incorporation  by  thymocytes  from  control  and  cocaine 
treated  animals  was  similar.  384  ±  45  cpm  and  239  ±  53  cpm  respectively,  whereas 
mitogens  stimulated  incorporation  50-300  fold,  again  with  ConA  being  the  most  potent 
(Fig.  4-2  B).  As  noted  with  spleen  lymphocytes,  thymocytes  from  control  and  cocaine 
treated  animals  showed  comparable  levels  of  thymidine  incorporation  after  stimulation  with 
the  individual  mitogens. 

IL-2  Production  hv  Spleen  1  .vmphocvtes 

Spleen  lymphocytes  were  stimulated  for  48  hr  with  ConA,  and  the  supernatants 
were  assayed  for  IL-2  activity  using  the  CTLL-2  bioassay.  The  mean  IL-2  production  for 
spleen  lymphocytes  from  control  animals  (10.5  ±  1.5  U/ml)  was  not  significantly  different 
from  the  cocaine-treated  group  (13.3  ±  2.0  U/ml)  (Fig.  4-3). 

Lymphocyte  Production  of  PRI.-Immunoreactive  Proteins 

Spleen  lymphocytes  were  cultured  in  the  presence  of  ConA  for  48  hr,  after  which 
conditioned  medium  and  cell  lysates  were  analyzed  by  SDS-PAGE  and  western 
immunoblotting.  An  antiserum  to  rPRL  specifically  cross-reacted  with  intracellular  Mr 
3 1,000  and  44,000  proteins  (Fig.  4-4  A),  as  well  as  a  secreted  Mr  44,000  protein  (Fig.  4-4 
B).  The  Mr  44,000  PRL-immunoreactive  protein  was  expressed  at  very  low  levels  in 
unstimulated  spleen  lymphocytes,  but  was  strongly  induced  in  the  presence  of  ConA 
(Chapter  5).  Quantitation  of  these  proteins  on  immunoblots  showed  that  spleen 
lymphocytes  from  cocaine-treated  animals  had  significantly  decreased  levels  of  the  PRL- 
immunoreactive  proteins  relative  to  control  animals  (Fig.  4-4  C).  In  spleen  lymphocytes 
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from  cocaine-treated  animals,  the  level  of  the  ConA-stimulated  Mr  44,000  cross-reactive 
protein  was  significantly  decreased  by  30%  in  cell  lysates  (P  <  .05)  compared  with  spleen 
lymphocytes  from  control  animals  (Fig.  4-4  A  and  4-4  C).  Similarly,  the  Mr  44,000 
secreted  immunoreactive  protein  was  significantly  decreased  by  35%  in  conditioned 
medium  (P  <  .01)  from  spleen  lymphocytes  from  cocaine-treated  vs.  control  animals  (Fig. 
4-4  B  and  4-4  C).  The  major  Mr  31,000  intracellular  protein  was  also  decreased  by  36%, 
though  not  significantly,  in  spleen  lymphocyte  lysates  from  the  cocaine-treated  group  (Fig. 
4-4  A  and  4-4  C). 

It  warrants  note  that  in  some  experiments  we  observed  secretion  of  a  Mr  24,000 
PRL-immunoreactive  protein  which  is  similar  in  size  to  pituitary  prolactin  (data  not 
shown).  When  expressed,  the  relative  level  of  the  Mr  24,000  cross-reactive  protein 
following  stimulation  of  spleen  lymphocytes  with  ConA,  PWM,  and  PHA  was  decreased 
by  69-89%  in  conditioned  media  from  spleen  lymphocytes  from  cocaine-treated  animals. 
Lastly,  although  ConA-stimulated  thymocytes  express  a  similar  set  of  PRL-immunoreactive 
proteins  (data  not  shown),  the  level  of  protein  expression  was  lower  and  highly  variable, 
sometimes  being  completely  absent  in  thymocytes  from  individual  animals.  These  findings 
made  it  difficult  to  quantitate  any  alterations  associated  with  in  vivo  cocaine  exposure. 

Northern  Blot  Analysis  of  PRI.  mRNA  Expression 

Northern  blots  of  total  RNA  isolated  from  ConA-stimulated  spleen  lymphocytes 
were  hybridized  sequentially  with  rat  PRL  and  human  P-actin  cDNA  probes.  The  major 
rPRL  and  p-actin  RNA  transcripts  were  2.2  kb  and  1.9  kb,  respectively  (Fig.  4-5).  The 
level  of  rPRL  transcripts  was  not  significantly  different  between  spleen  lymphocytes  from 
control  and  cocaine-treated  animals,  with  mean  PRL/actin  ratios  for  the  control  and  cocaine- 
treated  groups  of  2.32  and  2.19,  respectively.  In  a  single  sample  of  thymocytes  from 
control  animals,  total  RNA  showed  a  similar  size  PRL  RNA  transcript  (Fig.  4-6). 
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Discussion 

A  more  thorough  understanding  of  the  effects  of  cocaine  on  the  immune  system  is 
important  since  it  is  a  widely  abused  drug  and  a  significant  percentage  of  the  population  is 
exposed;  furthermore,  there  have  been  a  number  of  epidemiological  studies  revealing  an 
association  between  cocaine  use  and  an  increased  risk  of  HIV  seropositivity  (Chaisson  et 
al.,  1989;  Anthony  et  iL,  1991).  These  studies  were  designed  to  characterize  the 
immunological  effects,  as  well  as  lymphocyte  PRL  production  after  administration  of  a 
fetotoxic  dose  of  cocaine  (Salhab  et  al.,  1994)  to  pregnant  rats  during  gestation. 

The  studies  presented  here  are  unique  in  that  to  our  knowledge,  there  are  no 
published  reports  investigating  the  effects  of  cocaine  on  the  immune  system  of  any 
pregnant  animal.  Furthermore,  these  studies  complement  previous  work  in  this  laboratory 
on  the  effects  of  chronic  cocaine  exposure  on  pregnancy  in  an  animal  model.  The  dosing 
regimen  used  in  these  studies  was  designed  to  mimic  the  pattern  of  cocaine  use  seen  in  drug 
users.  A  dose  that  results  in  plasma  levels  approximating  that  found  in  cocaine  users  (Cone 
et  al.,  1988)  was  administered  to  the  pregnant  rats  twice  a  day.  The  dosing  was  continued 
through  mid  and  late  gestation  as  a  model  of  chronic  drug  use  by  pregnant  women.  In 
addition,  this  dosing  schedule  has  been  shown  to  retard  rat  fetal  growth,  without  adverse 
effects  on  placental  growth  (Salhab  et  al.,  1994).  In  this  regard,  cocaine  exposure  during 
pregnancy  has  been  clearly  associated  with  multiple  developmental  complications  including 
premature  delivery  and  low  birth  weight  in  humans  (Bingol  et  al.,  1987;  Handler  et  al., 
1991;  Chasnoff  et  al.,  1992),  and  intrauterine  growth  retardation  and  low  birth  weight  in 
animals  (Dow-Edwards,  1991;  Salhab  et  al.,  1994).  Evidence  of  an  association  between 
cocaine  use  and  infectious  diseases  in  humans  (Chaisson  et  al.,  1989;  Anthony  et  al.,  1991; 
Richter,  1993),  and  immunotoxicity  after  cocaine  exposure  in  animals  (Bagasra  and 
Forman,  1989;  Ou  et  al.,  1989;  Sobrian  et  al.,  1990;  Di  Francesco  et  al„  1992;  Pirozhkov 
et  al.,  1992)  has  raised  particular  concerns  regarding  pregnancy  wherein  suppression  of  the 
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maternal  immune  system  may  increase  susceptibility  of  transmission  of  infectious  diseases 
transplacental^. 

Recent  evidence  indicates  that  the  hormones  PRL,  GH,  and  IGF-1  are  important 
regulatory  factors  for  the  immune  system  (Gala,  1991;  Kelley  et  al.,  1992),  and  cocaine 
administration  has  been  associated  with  significant  alterations  in  the  levels  of  PRL  as  well 
as  other  neuroendocrine  hormones  (Mendelson  et  al.,  1989;  Van  de  Kar,  1992).  In  the 
present  study,  pregnant  rats  chronically  treated  with  cocaine  showed  no  significant 
differences  in  maternal  plasma  concentrations  of  PRL,  GH,  and  IGF-1  (Fig.  4-1).  This 
finding  was  not  expected  since  alterations  in  serum  prolactin  after  cocaine  exposure  have 
been  described  in  the  rat  (Van  de  Kar,  1992);  however,  prolactin  levels  peak  just  prior  to 
birth  in  the  rat  (Grattan  and  Averill,  1990),  which  may  have  diminished  any  effect  resulting 
from  cocaine  exposure. 

Immune  system  changes  are  known  to  occur  during  pregnancy  including  involution 
of  the  thymus  (McLean  et  al.,  1974;  Clark  et  al.,  1994)  and  spleen  (McLean  et  al.,  1974), 
as  well  as  suppression  of  B  lymphopoeisis  (Medina  et  al.,  1993),  such  that  the  pregnant 
animal  may  be  more,  or  possibly  less  susceptible  to  xenobiotic-induced 
immunomodulation.  Additionally,  many  immunotoxic  chemicals  result  in  changes  in 
lymphoid  organ  weights  in  the  absence  of  overt  toxicity.  Cocaine  administration  had  no 
clear  effect  on  the  weights  of  the  spleen  and  thymus  (Table  4- 1 ).  This  is  in  contrast  to  what 
has  been  reported  for  mice,  where  relative  thymus  and  spleen  weights  were  decreased  after 
cocaine  exposure  (Faith  and  Valentine,  1983;  Watson  et  al„  1983;  Pirozhkov  et  al.,  1992). 
The  number  of  cells  recovered  from  the  thymus  (Ou  et  al.,  1989;  Di  Francesco  et  al.,  1992) 
and  spleen  (Pirozhkov  et  al.,  1992)  of  cocaine-exposed  mice  also  have  been  reported  to  be 
decreased;  however  in  our  studies,  there  was  no  significant  difference  in  thymocyte  yields 
(Table  4-1).  This  disparity  could  be  attributed  to  species  differences  between  mice  and 
rats,  or  the  inability  of  cocaine  to  cause  further  atrophy  of  the  thymus  beyond  that  which 
occurs  as  a  function  of  pregnancy  (McLean  et  al.,  1974;  Clark  et  al.,  1994).  We  could  find 
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no  reports  in  the  literature  comparing  the  effects  of  cocaine  on  mice  and  rats  or  pregnant 
versus  non-pregnant  animals,  so  these  two  possibilities  cannot  be  distinguished  at  this 
time.  In  this  regard,  however,  nonpregnant  female  rats  treated  with  the  same  cocaine 
dosing  regimen  as  in  the  present  study  did  not  show  any  alterations  in  relative  spleen  and 
thymus  weights  (Table  4-2). 

It  is  interesting  that  maternal  plasma  IgG  levels  were  significantly  increased  by 
chronic  cocaine  treatment  in  pregnant  rats  (Fig.  4-1),  as  has  been  shown  for  male  rats 
(Tebbett  and  Karlix,  1994).  In  mice,  splenocyte  primary  antibody  responses  have  been 
reported  to  be  increased  (Havas  et  a!.,  1987)  or  decreased  (Faith  and  Valentine,  1983; 
Holsapple  and  Munson,  1985;  Ou  et  al.,  1989),  depending  on  the  experimental  protocol. 
In  one  of  the  few  studies  with  rats,  male  animals  treated  with  cocaine  for  10  days  showed 
enhanced  antibody  responses  to  both  T-dependent  and  T-independent  antigens  at  a  low 
dose,  while  at  a  higher  dose  the  T-independent  response  was  further  increased  and  the  T- 
dependent  response  was  inhibited  (Faith  and  Valentine,  1983;  Holsapple  and  Munson, 
1985;  Bagasra  and  Forman,  1989;  Ou  et  al.,  1989).  Moreover,  this  study  found  a 
differential  change  in  spleen  lymphocyte  subpopulations  with  a  significant  increase  in  the 
percentage  of  activated  B  cells  and  a  concomitant  decrease  in  the  percentage  of  T  cells. 
Thus,  our  observation  of  increased  maternal  plasma  IgG  levels  is  consistent  with  the 
previous  report  of  in  vivo  stimulatory  effects  of  cocaine  on  B  cell  function  in  rats. 

Mitogen  stimulated  proliferation  is  another  commonly  measured  endpoint  in 
immunotoxicological  studies.  In  pregnant  rats,  the  present  study  did  not  find  any  effect  of 
cocaine  on  the  ability  of  spleen  and  thymus  lymphocytes  to  proliferate  in  response  to  a 
panel  of  T  and  B  cell  mitogens  (Fig.  4-2).  In  contrast,  lymphocytes  from  cocaine-treated 
mice  showed  an  altered  proliferative  response  to  mitogens  (Faith  and  Valentine,  1983). 
Furthermore,  exposure  to  cocaine  in  vitro  inhibited  proliferation  of  mouse  splenocytes  and 
human  peripheral  blood  lymphocytes  (Klein  et  al..  1988),  as  well  as  rat  B  and  T  cells 
(Berkeley  et  al.,  1994),  but  only  at  concentrations  which  greatly  exceed  those  found  in 
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serum  of  human  cocaine  users  (Cone  et  al.,  1988),  or  the  LD50  in  pregnant  rats  (Salhab  et 
al.,  1994).  It  is  noteworthy  that  in  vitro  exposure  to  lower,  more  physiological  relevant 
doses  of  cocaine  (as  low  as  0.1  u.g/ml)  has  been  recently  shown  to  increase  human  B  cell 
proliferation  (Phillips  et  al.,  1995),  as  well  as  human  T  cell  proliferation,  IL-2  secretion 
and  calcium  mobilization  (Matsui  et  al.,  1992).  The  present  study  found  that  splenocytes 
from  cocaine-treated  rats  showed  no  changes  in  ConA-stimulated  IL-2  production  (Fig.  4- 
3),  whereas  mice  treated  with  cocaine  were  reported  to  produce  significantly  less  of  this  T 
cell  product  (Di  Francesco  et  al.,  1992).  Thus,  many  of  the  immune  parameters  reported  to 
be  suppressed  by  cocaine  treatment  in  mice  have  not  been  found  to  be  altered  in  pregnant 
rats  in  this  study. 

Lymphocyte  production  of  PRL-immunoreactive  proteins  was  evaluated  as  an 
additional  immune  parameter  based  upon  recent  evidence  that  PRL  plays  an  effector  role  in 
the  immune  system  (Gala,  1991).  The  data  showed  that  mitogen-stimulated  rat  spleen 
lymphocytes  consistently  secreted  a  Mr  44,000  PRL-immunoreactive  protein  and  contained 
Mr  31,000  and  44,000  PRL-immunoreactive  proteins  in  cell  lysates  (Fig.  4-4).  These 
proteins  were  also  produced  by  rat  thymocytes  (data  not  shown).  Proteins  of  similar 
molecular  weights  in  murine  splenocytes  and  thymocytes  have  been  reported  by  other 
laboratories.  Mouse  splenocytes  expressed  both  secreted  and  intracellular  forms  of  a  Mr 
46-48.000  PRL-immunoreactive  protein  in  response  to  mitogen  stimulation  (Kenneret  al., 
1990;  Shah  et  al.,  1991),  and  cell  proliferation  was  partially  inhibited  by  addition  of  PRL 
antiserum  to  mitogen-stimulated  lymphocytes  (Hartmann  et  al.,  1989).  Mouse  thymocytes 
were  shown  to  synthesize  Mr  33,000  and  35,000  PRL-immunoreactive  proteins 
(Montgomery  et  al.,  1990).  In  the  present  study,  spleen  lymphocytes  cultured  from 
cocaine-treated  rats  showed  significantly  decreased  levels  of  a  Mr  44,000  protein  present  in 
both  cell  lysates  and  in  conditioned  medium  following  ConA  stimulation.  These  cocaine- 
related  alterations  in  lymphocytes  contrast  with  previous  studies  in  this  laboratory  (Salhab 
et  al.,  1994)  on  rat  placenta  in  which  cocaine  treatment  had  no  effect  on  the  expression  of 
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placental  PRL-like  proteins.   At  the  present  time  however,  the  sequence  identity  of  the 
higher  molecular  weight  PRL-immunoreactive  proteins  has  not  been  established.    The 
functional  consequences  of  cocaine-related  decreases  in  splenocyte  production  of  PRL- 
immunoreactive  proteins  also  remain  unknown  in  view  of  the  lack  of  published  data 
regarding  the  regulation  of  production  of  these  proteins  in  primary  culture.    TCDD. 
however,  did  not  affect  PRL-immunoreactive  protein  production  in  spleen  lymphocytes 
from  pregnant  rats  or  in  human  B  lymphocyte  cell  lines  (Chapter  3).  Since  dexamethasone 
decreased  PRL  production  in  IM-9  cells  (Gellersen  et  al.,  1988),  cocaine,  by  increasing 
ACTH  and  subsequently  corticosteroid  levels,  could  decrease  lymphocyte  production  of 
PRL.  but  it  is  unlikely  this  is  the  case  in  our  experiments  since  lymphocyte  PRL  production 
was  assessed  after  3  days  of  culture.  The  observation  that  PRL  mRNA  transcript  levels 
were  not  changed  in  splenocytes  cultured  from  cocaine-treated  rats  suggests  that  reduced 
levels  of  PRL-immunoreactive  proteins  may  reflect  changes  at  the  post-transcriptional  level, 
or  alternatively,  that  the  PRL-immunoreactive  proteins  are  transcribed  from  a  different 
gene.   Another  interesting  point  is  that  although  the  2.2  kb  PRL-hybridizing  transcript 
detected  in  our  experiments  was  significantly  larger  than  the  pituitary  message  (0.9  kb), 
others  have  reported  PRL  mRNAs  ranging  in  size  from  1.0-1.6  kb  in  ConA-stimulated 
human  thymocytes  (Montgomery  et  al.,  1992;  O'Neal  et  al..  1992)  and  murine  splenocytes 
(Woldeyesus  et  al.,  1989:  Shah  et  al.,  1991).  In  contrast,  PRL  message  was  detected  only 
in  rat  thymus,  and  not  in  other  lymphoid  organs,  including  the  spleen  (Touraine  et  al., 
1994).  However,  in  the  latter  study,  the  analysis  was  performed  on  RNA  isolated  directly 
from  the  organs  examined  from  non-immunized  animals.    Previous  evidence  suggests 
lymphocyte  PRL  production  may  be  triggered  by  antigenic  or  mitogenic  stimulation  and 
would  explain  why  these  authors  did  not  detect  PRL  message  in  the  spleen. 

In  this  study,  production  of  PRL-immunoreactive  proteins  in  spleen  lymphocytes 
was  stimulated  by  ConA  and  other  T  cell  mitogens.  This  suggests  that  these  proteins  were 
produced  by  T  cells,  yet  cocaine  exposure  did  not  affect  the  production  of  another  T  cell 
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product.  IL-2  (Fig.  4-3).  Although  the  functional  consequence  of  decreased  lymphocyte 
PRL  production  is  unknown,  because  of  the  lack  of  significant  effect  of  cocaine  on  other 
endpoints  measured,  it  is  tempting  to  suggest  that  in  rats  cocaine  specifically  suppresses 
lymphocyte  prolactin  production  and  thus  may  be  a  sensitive  marker  for  cocaine  exposure. 

In  summary,  these  studies  showed  that  chronic  administration  of  a  fetotoxic  dose  of 
cocaine  did  not  alter  maternal  plasma  PRL,  GH,  or  IGF-1  levels,  lymphoid  organ  weights, 
lymphocyte  proliferative  responses  or  IL-2  secretion,  whereas  serum  IgG  levels  were 
significantly  increased,  and  lymphocyte  production  of  PRL-immunoeactive  proteins  was 
significantly  decreased.  Down-regulation  of  the  synthesis  of  these  proteins  may  be 
indicative  of  subtle  changes  in  lymphocyte  function  not  normally  detected  during  routine 
immunotoxicity  assessment.  The  lack  of  a  major  effect  of  cocaine  on  immune  parameters 
in  pregnant  rats  may  also  reflect  a  differential  response  to  cocaine  between  pregnant  and 
non-pregnant  animals,  or  that  rats  are  more  resistant  than  mice  to  the  immunosuppressive 
effects  of  this  drug.  The  observation  that  nonpregnant  female  rats  treated  with  the  same 
cocaine  dosing  schedule  did  not  show  any  change  in  spleen  or  thymus  weights  (Table  4-2) 
is  consistent  with  the  latter  hypothesis.  In  this  regard,  rats  are  less  sensitive  than  mice  to 
the  acute  hepatotoxic  effects  of  cocaine  (Boelsterli  and  Goldlin,  1991;  Roberts  et  al„ 
1992),  and  differ  in  suceptibility  to  the  immunotoxic  effects  of  2-methoxyethanol  and  2- 
methoxyacetic  acid  and  TCDD  (Smialowicz  et  al..  1992;  Smialowicz  et  al.,  1994). 
However,  since  cocaine-mediated  neuroendocrine  changes  (Van  de  Kar,  1992)  and 
developmental  toxicity  (Dow-Edwards,  1991;  Salhab  et  al„  1994)  are  documented  in  the 
rat,  this  species  is  susceptible  to  cocaine  toxicity.  Variability  in  metabolism  of  cocaine  may 
be  partially  responsible  for  the  differing  susceptibility  to  cocaine-induced  hepatotoxicity 
(Boelsterli  and  Goldlin,  1991).  A  recent  report  described  sex  and  strain  variability  in  mice 
in  the  suppression  of  the  antibody  response  by  cocaine  that  was  suggested  to  be  the  result 
of  differences  in  metabolism  (Holsapple  et  al.,  1993).  It  will  be  interesting  to  see  if  further 
studies  determine  whether  metabolic  variability  can  account  for  the  apparent  species 
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difference  in  the  immunotoxicity  of  cocaine.  Thus,  the  present  study  finds  evidence  that 
chronic  cocaine  administration  is  associated  with  selective  changes  in  immune  parameters  in 
pregnant  rats,  but  which  are  not  of  magnitude  likely  to  compromise  pregnancy 
maintenance. 
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Table  4-1.   Body  and  lymphoid  organ  weights  of  control  and  cocaine-treated 
animals. 


treatment  body  spleen  spleen  thymus  thymus 

group  weight  Weightb  TLY  weightb  TLY 

(H (xlQ7)C (Xiq7)C 


control3         374±14        0.30±.02      5.39±1.31       0.12±.02      70.3+12.6 
cocaine3  359±4         O.30±.02      6.78±2.10      0.12+.01      59.9±16.7 


Results  are  expressed  as  the  mean  ±  SE 

a  n=  4  except  for  body  weight  and  spleen  weight  (n=6) 

b  organ  weights  are  expressed  as  the  percentage  of  body  weight 

c  TLY,  total  lymphocyte  yield  per  organ 
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Table  4-2.    Body  and  lymphoid  organ  weights  of  non- 
pregnant control  and  cocaine-treated  rats. 


treatment  body  spleen  thymus 

group  weight  weight  weight0 

u : _ 


control*  289+7  0.33±.03         0.13+.01 

cocainea  271+18  0.27±.01  0.14+.01 


a  Results  are  expressed  as  the  mean  ±  SE  where  n=6,  except  where  indicated 

b  n=5 

c  organ  weights  are  expressed  as  the  percentage  of  body  weight 
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Fig.  4-1.  Maternal  plasma  levels  of  IgG,  PRL,  GH,  and  IGF-1  in  control  and  cocaine- 
treated  animals.  Plasma  IgG  was  quantitated  with  an  ELISA  and  plasma  PRL.  GH  and 
IGF-1  by  RIA.  The  results  are  expressed  as  the  mean  ±  SE  of  5  animals  for  the  control 
group  and  6  animals  for  the  cocaine-treated  group.  *  P  <  .05  for  cocaine-treated  group  vs 
control  group. 
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Fig.  4-2.  Proliferative  responses  of  spleen  lymphocytes  and  thymocytes  from  control  and 
cocaine-treated  animals.  Spleen  lymphocytes  (A)  and  thymocytes  (B)  were  isolated, 
stimulated  with  the  indicated  mitogens,  and  cell  proliferation  at  72  hr  was  evaluated  by  a 
[3H]thymidine  incorporation  assay.  The  results  are  expressed  as  the  mean  ±  SE  of  the  net 
cpm  (cpm  incorporated  in  the  presence  of  mitogen  -  background  cpm  incorporated)  for  four 
animals  in  each  treatment  group. 
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Figure  4-3.  ConA-stimulated  IL-2  production  by  spleen  lymphocytes  from  control  and 
cocaine  treated  animals.  Spleen  lymphocytes  were  stimulated  for  48  hr  with  2.5  |ig/ml 
ConA  and  IL-2  activity  in  the  supernatants  was  quantitated  using  the  CTLL-2  bioassay.  An 
experiment  representative  of  two  separate  groups  of  animals  is  shown.  Samples  from  each 
animal  were  assayed  twice  and  the  average  value  was  taken.  The  data  shown  are  the  mean 
±  SE  of  four  control  and  four  cocaine-treated  animals. 


Fig.  4-4.  Western  blot  analysis  of  PRL-immunoreactive  proteins  produced  by  spleen 
lymphocytes  from  control  and  cocaine  treated  animals.  Spleen  lymphocytes  from  four 
control  and  four  cocaine-treated  animals  were  cultured  at  SxlOtyml  for  48  hr  with  2.5  ug/ml 
ConA,  and  lysates  and  conditioned  medium  were  subjected  to  SDS-PAGE  and  western 
immunoblotting.  The  blots  were  immunostained  with  a  1:1200  dilution  of  anti-rPRL-IC-5. 
A  representative  western  blot  from  one  experiment  is  shown.  Only  the  portion  of  the 
membrane  containing  the  PRL-immunoreactive  bands  of  interest  is  shown.  The  position  of 
molecular  weight  markers  and  the  major  PRL-immunoreactive  proteins  are  shown  on  the 
left  and  right,  respectively.  (A)  Western  blot  of  PRL-immunoreactive  proteins  in  spleen 
lymphocyte  cell  lysates.  (B)  Western  blot  of  PRL-immunoreactive  proteins  in  spleen 
lymphocyte  conditioned  medium.  (C)  Quantitation  of  rat  PRL  antiserum-speciftc  bands. 
The  relative  levels  of  PRL-immunoreactive  proteins  on  the  blots  was  quantitated  as 
described  in  Methods.  The  results  are  the  mean  ±  SE  of  values  pooled  from  two  separate 
western  blots  of  the  same  samples  (n=6  for  control:  n=8  for  cocaine). 
.01. 
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Figure  4-5.  Northern  blot  analysis  of  rPRL  mRNA  expression  in  spleen  lymphocytes  and 
thymocytes  (control  only)  from  control  and  cocaine  treated  animals.  Cells  were  cultured  as 
described  for  Fig.  4-5  except  with  a  48  hr  incubation.  The  northern  blots  were  probed  with 
a  radiolabeled  rPRL  cDNA,  top,  stripped,  and  reprobed  with  a  p-actin  cDNA,  bottom.  The 
size  of  the  hybridizing  bands  estimated  from  the  position  of  the  28S  and  18S  rRNAs  are 
shown  on  the  right. 


CHAPTER  5 

EVIDENCE  THAT  A  MITOGEN-INDUCIBLE  PROLACTIN-IMMUNOREACTIVE 

PROTEIN  IN  RAT  SPLEEN  LYMPHOCYTES  IS  ALDOLASE  A 

Introduction 

Several  laboratories  have  shown  that  mouse  and  human  lymphocytes  produce  PRL 
and  PRL-like  proteins  (Kenner  et  al.,  1990;  Montgomery  et  al.,  1990;  Shah  et  al.,  1991; 
Montgomery  et  al.,  1992;  Pellegrini  et  al.,  1992),  as  well  as  PRL  mRNA  (O'Neal  et  al., 
1992;  Pellegrini  et  al.,  1992;  Sabharwal  et  al.,  1992).  Furthermore,  lymphocyte 
proliferation  was  partially  inhibited  by  addition  of  PRL  antiserum  to  mitogen-stimulated 
lymphocytes  (Hartmann  et  al.,  1989;  Sabharwal  et  al.,  1992).  Clearly,  mouse  and  human 
lymphocytes  are  capable  of  producing  PRL,  which  may  act  in  an  autocrine/paracrine 
fashion  to  promote  lymphocyte  growth  and/or  function.  In  Chapters  3  and  4,  several  PRL- 
immunoreactive  proteins  were  detected  in  human  B  lymphocyte  cell  lines  and  ConA- 
stimulated  rat  spleen  lymphocytes.  There  are  variants  of  PRL  in  the  pituitary  (Mena  et  al., 
1992;  Sinha,  1995),  some  of  which  are  of  similar  apparent  molecular  weight  to  those  seen 
in  lymphocyte  lysates.  Although  other  laboratories  have  reported  PRL-immunoreactive 
proteins  in  mouse  lymphocytes  similar  to  those  described  here  in  rat  spleen  lymphocytes,  it 
is  important  to  note  that  none  of  the  higher  molecular  weight  PRL-immunoreactive  proteins 
identified  in  either  murine  or  human  lymphocytes  have  been  purified  or  sequenced.  Thus, 
the  structural  similarity  of  these  proteins  to  to  pituitary  PRL  is  unknown.  The  objective  of 
the  studies  presented  in  this  chapter  was  to  define  what,  if  any,  relationship  these  proteins 
have  to  PRL. 
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Results 

PRL-Immunoreactive  Proteins  in  Lymphocytes 

Lymphocytes  isolated  from  rat  spleen  were  cultured  for  various  times  in  the 
presence  or  absence  of  the  mitogenic  lectin  ConA,  after  which  the  conditioned  medium  and 
cell  lysates  were  analyzed  by  SDS-PAGE  and  western  immunoblot  procedures.    A 
polyclonal  rabbit  antiserum  to  rPRL  specifically  cross-reacted  with  several  proteins,  the 
most  prominent  of  which  was  an  intracellular  protein  with  Mr  of  43,000  (Fig.  5- 1 ,  lanes  3 
and  4).  It  was  also  determined  if  freshly  isolated  lymphocytes  cultured  in  the  absence  of 
mitogen  expressed  the  Mr  43,000  protein.    Since  freshly  isolated  spleen  and  thymus 
lymphocyte  lose  viability  rapidly  if  not  stimulated,  the  unstimulated  cells  were  not  cultured 
for  the  same  time  period  as  the  mitogen-stimulated  cells.    Fig.  5-1  shows  that  the 
appearance  of  the  Mr  43,000  protein  in  cell  lysates  occurred  in  mitogen-stimulated  spleen 
lymphocyte  cultures  (lanes  3  and  4),  but  not  in  freshly  isolated  cells  (lane  1)  or  cells 
cultured  for  14  hr  in  the  absence  of  mitogen  (lane  2).  An  immunoreactive  band  of  similar 
apparent  molecular  weight  was  also  detected  in  spleen  lymphocyte  conditioned  medium 
from  ConA-stimulated  cells  but  not  unstimulated  cells  (Fig  .  5-1,  compare  lanes  6  and  7  to 
lane  5).  Additionally,  cell  density  did  not  did  not  affect  the  appearance  of  this  protein  as 
mitogen-stimulated  spleen  lymphocytes  cultured  at  both  low  and  high  density  contained 
similar  levels  of  the  Mr  43,000  protein  in  cell  lysates  and  conditioned  medium  (Fig.  5-1. 
compare  lanes  3  and  4,  and  lanes  6  and  7).  A  Mr  30,000  protein  was  also  recognized  by 
the  rPRL  antiserum  in  some  experiments  (Fig.  5-1),  but  this  protein  showed  variability  in 
the  level  of  Con  A-induced  expression  between  individual  animals.  The  Mr  30,000  PRL- 
immunoreactive  protein  was  present  in  freshly  isolated  lymphocytes  at  levels  similar  to 
mitogen-stimulated  lymphocytes,  but  at  very  low  levels  in  unstimulated  lymphocytes  (Fig. 
5-1,  compare  lanes  1  and  3  with  lane  2).   Similar  results  were  obtained  when  identical 
experiments  were  performed  with  rat  thymocytes  (data  not  shown). 
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Subsequent  experiments  focused  on  the  intracellular  Mr  43,000  PRL- 
immunoreactive  protein,  designated  rPIP-43,  since  it  was  expressed  at  very  low  levels  in 
freshly  isolated  spleen  lymphocytes  but  strongly  induced  by  ConA  stimulation  (Fig.  5-1), 
suggesting  a  role  for  this  protein  in  lymphocyte  growth  and/or  differentiation.  Various 
mitogens  in  addition  to  ConA  were  examined  for  the  ability  to  induce  rPIP-43.  T  cell 
mitogens  (Con  A,  PHA,  PWM)  and  B  cell  mitogens  (PWM,  LPS)  all  increased  the  amount 
of  this  protein  detected  in  spleen  lymphocyte  lysates  (data  not  shown),  although  rPIP-43 
levels  were  somewhat  lower  in  LPS-stimulated  cells. 

IM-9  human  B  lymphoblastoid  cells  produced  several  intracellular  proteins  in  the 
Mr  20-70,000  range  that  were  recognized  by  a  polyclonal  rabbit  hPRL  antiserum  (Chapter 
3).  A  Mr  40-42.000  PRL-immunoreactive  protein  was  detected  in  IM-9  cells,  but  not  rat 
spleen  lymphocytes  with  hPRL  antiserum  (Fig.  5-2  B).  This  observation  suggested  that 
rPIP-43  was  not  immunologically  related  to  human  prolactin.  This  would  be  surprising 
since  the  human  prolactin  antiserum  cross-reacted  with  purified  rat  pituitary  PRL  (data  not 
shown).  In  contrast,  the  rPRL  antiserum  detected  a  protein  in  IM-9  cell  lysates  which 
migrated  identically  to  rPIP-43  (Fig.  5-2  A,  left  panel).  A  constitutively  expressed  protein 
migrating  identically  to  rPIP-43  was  also  detected  by  the  rPRL  antiserum  in  the  Nb2  rat 
lymphoma  cell  line  (Fig.  5-2  A,  right  panel).  These  observations  suggested  that  rPIP-43 
may  be  a  ubiquitously  expressed  protein  and  prompted  an  examination  of  the  structural 
relatedness  of  this  protein  to  rat  PRL. 

N-Terminal  Amino  Acid  Sequence  of  rPIP-43 

Since  the  identity  of  any  of  the  40-50K  PRL-immunoreactive  proteins  in 
lymphocytes  has  not  been  established,  an  attempt  was  made  to  obtain  the  N-terminal  amino 
acid  sequence  of  rPIP-43.  Rat  spleen  lymphocyte  lysate  was  fractionated  by  SDS-PAGE 
and  N-terminal  sequencing  identified  a  single  peptide  sequence  in  the  mitogen-inducible  Mr 
43,000  PRL-immunoreactive  band.    The  amino  acid  sequence  of  the  25  N-terminal 
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residues  of  rPIP-43  was  obtained,  and  a  search  of  the  protein  sequence  databases  showed 
there  was  100%  identity  with  the  rat  homologue  of  the  glycolytic  enzyme  aldolase  A  (Fig. 
5-3).  Further  analysis  showed  there  was  no  similarity  between  the  N-terminal  sequence  of 
rPIP-43  and  rPRL,  and  only  low  (21%)  overall  identity  between  rPRL  and  rat  aldolase  A. 
Aldolase  A  is  highly  conserved  across  species  with  97%  amino  acid  sequence  identity 
between  the  rat,  mouse,  rabbit,  and  human  homologues.  Native  aldolase  exists  as  a  non- 
covalent  homo-  or  hetero-tetramer  of  40  kDa  subunits  which  is  consistent  with  the  apparent 
molecular  weight  of  43,000  by  SDS-PAGE. 

Specificity  of  the  rPRL  Antiserum  for  rPRL  and  Rabbit  Aldolase  A 

Further  efforts  were  made  to  characterize  the  specificity  of  the  rPRL  antiserum. 
The  rPRL  antiserum  identified  a  single  band  of  Mr  43,000  in  an  aldolase  A  preparation 
from  rabbit  muscle  (Fig.  5-4,  upper  panel).  The  staining  of  aldolase  was  not  due  to  the 
secondary  antibody  used  in  the  western  blot  procedure  (data  not  shown).  The  hPRL 
antiserum,  on  the  other  hand,  did  not  react  with  aldolase  A  (Fig.  5-4,  center  panel).  This  is 
consistent  with  the  lack  of  cross-reactivity  of  the  hPRL  antiserum  toward  rPIP-43.  In  this 
regard,  the  band  stained  by  anti-hPRL  in  IM-9  cell  lysates  appeared  to  migrate  slightly 
faster  than  the  Mr  43,000  band  in  the  aldolase  A  preparation.  These  observations  indicated 
that  even  though  both  rPRL  and  hPRL  antiserum  react  with  an  approximate  Mr  43,000 
band  in  IM-9  cell  lysates,  this  band  is  not  aldolase  A,  and  that  aldolase  A  was  not 
recognized  by  the  hPRL  antiserum.  Normal  rabbit  serum  recognized  aldolase  A  on 
immunoblots  (Fig.  5-4,  lower  panel),  although  in  preliminary  results,  rPIP-43  did  not 
appear  to  be  stained  by  normal  rabbit  serum.  Normal  rabbit  serum  also  did  not  recognize 
either  hPRL  or  rPRL  (data  not  shown).  It  is  not  presently  known  why  normal  rabbit  serum 
reacted  with  aldolase  A  while  the  hPRL  antiserum  (made  in  rabbit)  is  not  reactive. 

To  further  characterize  the  ability  of  the  rPRL  antiserum  to  react  with  rPIP-43  and 
aldolase  A,  rPRL  antiserum  was  preabsorbed  with  aldolase  and  rPRL  before  western  blot 
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analysis.  When  rPRL  antiserum  was  preabsorbed  with  rat  PRL,  the  intensity  of 
immunostaining  of  purified  rPRL  was  greatly  reduced,  and  the  intensity  of  staining  of 
rPIP-43  and  aldolase  A  was  reduced  to  near  undetectable  levels  (Fig.  5-5,  compare  left 
panel  to  middle  panel).  Thus,  the  antibodies  specific  for  rPRL  in  this  antiserum  also 
recognized  aldolase  A.  When  the  rPRL  antiserum  was  preabsorbed  with  aldolase  A,  the 
staining  intensity  of  rPIP-43  and  aldolase  A  was  markedly  decreased  (Fig.  5-5,  middle 
panel),  although  the  intensity  of  staining  was  not  decreased  to  the  degree  as  with  the  rPRL- 
absorbed  antiserum  (Fig.  5-5,  compare  middle  panel  with  right  panel).  In  contrast, 
preabsorption  of  the  rPRL  antiserum  with  aldolase  A  had  no  effect  on  the  intensity  of 
staining  of  rPRL.  In  control  experiments,  preabsorption  of  rPRL  antiserum  with  BSA  had 
no  effect  on  the  intensity  of  staining  of  the  rPIP-43,  rPRL,  or  aldolase  A  bands  (data  not 
shown).  The  rPRL  antiserum  did  appear  to  have  a  lower  affinity  for  aldolase  A  than 
purified  PRL  as  aldolase  A  showed  considerably  less  intense  staining  than  an  equal  amount 
of  purified  rPRL  (Fig.  5-5,  left  panel). 

Effect  of  Aldolase  A  in  the  Nb2  Lymphoma  Assay 

Rabbit  aldolase  A  was  tested  in  the  Nb2  assay  for  the  ability  to  modulate 
proliferation  in  Nb2  lymphoma  cells.  Aldolase  A  was  added  in  combination  with  varying 
concentrations  of  hPRL  to  determine  if  aldolase  A  either  enhanced  or  interfered  with  the 
mitogenic  response  of  Nb2  cells  to  hPRL.  No  effect  of  aldolase  A  on  Nb2  cell 
proliferation  was  consistently  detected,  either  when  added  alone  or  with  suboptimal  and 
optimal  concentrations  of  PRL  (Fig.  5-6  and  data  not  shown). 

Discussion 

These  studies  present  sequence  information  on  a  Mr  43,000  protein  induced  by 
mitogenic  stimulation  in  rat  spleen  lymphocytes  that  was  recognized  by  rPRL  antiserum. 
To  our  knowledge,  this  is  the  first  time  the  sequence  of  any  of  the  PRL  variants  or  proteins 
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immunochemically  related  to  PRL  in  the  40-50  kDa  range  has  been  determined.  The  Mr 
43,000  PRL-immunoreactive  protein  characterized  in  these  studies,  designated  rPIP-43,  is 
present  at  very  low  levels  in  freshly  isolated  or  unstimulated  rat  spleen  lymphocyte  lysates 
but  is  induced  by  in  vitro  culture  with  various  mitogens.  N-terminal  sequencing  of  rPIP-43 
showed  that  this  protein  was  identical  to  rat  aldolase  A,  an  enzyme  in  the  glycolytic 
pathway.  There  is  sufficient  difference  between  the  N-terminal  sequence  of  rPIP-43  and 
aldolase  B  (17/25  amino  acids  identical)  and  C  (20/25  amino  acids  identical)  to  exclude  the 
possibility  that  rPIP-43  is  aldolase  B  or  C  (Fig.  5-3).  Although  only  one  peptide  sequence 
was  identified  in  the  rPIP-43  band,  however;  it  is  conceivable  that  aldolase  A  migrated  at 
the  same  position  as  rPIP-43  on  SDS-PAGE  and  was  present  in  a  sufficiently  greater 
amount  so  that  the  rPIP-43  polypeptide  was  not  detectable  during  sequencing.  Several 
lines  of  evidence,  however,  suggested  that  rPIP-43  is  indeed  aldolase  A  and  this 
identification  was  not  simply  an  artifact  of  the  sequencing  procedure.  Aldolase  A  is  highly 
conserved  across  species  and  ubiquitously  expressed  (Lebherz  and  Rutter,  1969),  and  a 
protein  identical  in  electrophoretic  mobility  to  rPIP-43  was  found  in  two  lymphoid  cell  lines 
of  both  rat  and  human  origin  at  relatively  high  constitutive  levels.  Since  there  was  no 
readily  apparent  similarity  in  amino  acid  sequence  between  rPRL  and  aldolase  A,  the  two 
proteins  may  share  a  common  epitope  which  is  recognized  by  the  PRL  antiserum. 
Furthermore,  naturally  occurring  rabbit  anti-aldolase  A  antibodies  could  be  present  in  the 
rPRL  antiserum.  The  results  of  our  studies  showed  that  the  rPRL  antiserum  reacted  with 
rabbit  aldolase  A  on  western  blots.  The  cross-reactivity  of  anti-rPRL  towards  aldolase  A 
suggests,  but  does  not  prove,  that  aldolase  contamination  of  the  rPIP-43  band  on  western 
blots  used  for  sequencing  was  not  the  reason  for  rPIP-43  being  identified  as  aldolase  A. 
The  fact  that  normal  rabbit  serum  weakly  recognized  aldolase  A  indicated  that  there  are 
likely  naturally  occurring  aldolase  A  antibodies  in  rabbit  serum,  but  they  are  either  in  lower 
abundance  or  have  a  reduced  affinity  for  aldolase  A,  and  probaly  could  not  account  for  the 
the  strong  recognition  of  aldolase  A  or  rPIP-43  by  the  rPRL  antiserum  on  western  blots. 
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Preabsorption  of  the  rPRL  antiserum  with  rPRL,  but  not  BSA,  greatly  decreased  the 
intensity  of  staining  of  rPRL,  rabbit  aldolase  A.  and  rPIP-43.  Preabsorption  of  the  rPRL 
antiserum  with  aldolase  A  was  not  as  effective  in  decreasing  the  intensity  of 
immunostaining  of  either  rPRL,  rPIP-43,  or  aldoalse  A.  Thus,  the  rPRL  antiserum  may 
not  react  as  strongly  with  native  rat  aldolase  A  as  opposed  to  aldolase  A  subjected  to 
reducing  SDS-PAGE.  This  seems  reasonable  since  the  native  form  of  aldolase  A  is  a 
tetramer  and  the  epitope  recognized  by  the  rPRL  antiserum  could  very  well  be  hidden. 
These  data  suggested  that  the  most  likely  reason  that  the  PRL  antiserum  reacts  strongly 
with  aldolase  A  was  that  aldolase  A  shared  a  common  epitope  with  rPRL  that  was  exposed 
upon  denaturation  and  recognized  by  the  rPRL  antiserum.  Recently,  it  was  reported  that 
two  different  human  PRL  antisera  cross-reacted  with  purified  human  immunoglobulin  light 
chain  and  hPRL  immunoreactivity  co-purified  with  IgG  from  human  serum  and  amniotic 
fluid  (Heffner  et  al.,  1995).  Together  with  the  results  presented  here,  this  underscores  the 
need  for  testing  PRL  antiserum  by  western  blotting  for  cross-reactivity  with  non-PRL 
proteins  before  use  in  other  quantitative  immunochemical  techniques,  as  the  cross-reactivity 
may  lead  to  spurious  results  when  measuring  PRL  in  biological  samples. 

The  present  study  confirms  previous  reports  of  the  production  of  PRL- 
immunoreactive  proteins  following  mitogenic  stimulation  of  lymphocytes  (Montgomery  et 
al.,  1987;Kenneretal.,  1990;  Montgomery  et  al.,  1990;  Shah  etal.,  1991;  Montgomery  et 
al.,  1992).  PRL  is  a  23  kDa  protein  and  it  is  likely  that  the  21-27  kDa  PRL- 
immunoreactive  proteins  identified  by  other  laboratories  (Montgomery  et  al.,  1990:  Baglia 
et  al.,  1991;  Montgomery  et  al.,  1992:  Pellegrini  et  al.,  1992)  is  identical  to  pituitary  PRL, 
as  PRL  structural  variants  (deamidated.  phosphorylated,  glycosylated,  cleaved)  of  this  size 
have  been  identified  (Sinha,  1995).  In  these  studies,  a  Mr  23,000  PRL-immunoreactive 
protein  in  rat  spleen  lymphocyte  conditioned  medium  was  not  consistently  detected.  The 
present  data  support  the  conclusion  that  rPIP-43  is  aldolase  A  and  it  is  tempting  to  speculate 
that  the  other  PRL-immunoreactive  proteins  with  a  similar  molecular  weight  may  actually 
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be  aldolase  A  as  well.  There  is  no  conclusive  evidence  that  any  of  the  higher  molecular 
weight  PRL-immunoreactive  proteins  in  lymphocytes  are  structurally  related  to  PRL.  So 
called  "variants"  of  PRL  in  the  40-50  kDa  range  ("big"  PRL)  have  been  identified  in 
pituitary  tissue  and  plasma  (Meuris  et  al.,  1983;  Aston  et  al.,  1984;  Mena  et  al.,  1992; 
Sinha,  1992).  Although  these  forms  have  been  suggested  to  result  from  oligomerization  of 
PRL;  in  some  instances,  reducing  and  denaturing  agents  did  not  affect  the  molecular  weight 
as  determined  by  SDS-PAGE  (Meuris  et  al.,  1983;  Mena  et  al.,  1992;  Sinha,  1992), 
indicating  that  if  the  45K  PRL  variant  is  a  PRL  dimer,  then  it  is  formed  by  covalent 
interactions.  Indeed,  there  is  some  evidence  suggesting  that  PRL  may  form  covalent 
dimers  or  that  PRL  may  become  covalently  linked  to  binding  proteins  (Sinha,  1992). 
Moreover,  it  was  recently  demonstrated  that  a  75  and  98  kDa  PRL-immunoreactive  protein 
in  human  serum  was  a  covalent  complex  between  PRL  and  the  immunoglobulin  G  heavy 
chain  (Walker  et  al„  1995). 

Nb2  cells  respond  to  lactogenic  hormones  (PRL,  growth  hormone,  placental 
lactogens)  with  increased  proliferation  and  are  commonly  used  to  assay  biological  samples 
for  these  hormones.  Montgomery  et  al.  (1987)  showed  that  a  PRL-immunoreactive  protein 
present  in  murine  splenocyte  culture  supernatants  stimulated  Nb2  proliferation 
(Montgomery  et  al.,  1987).  Human  thymocytes  produced  23K  PRL  which  was  shown  to 
be  bioactive  in  the  Nb2  assay  (Montgomery  et  al.,  1992).  Since  there  is  no  information 
regarding  the  lactogenic  activity  of  the  40-50K  PRL-immunoreactive  proteins,  and  rPIP-43 
was  detected  in  spleen  lymphocyte  conditioned  medium,  aldolase  A  was  tested  for  activity 
in  the  Nb2  assay.  The  data  showed  that  aldolase  A  had  no  stimulatory  effect  on  Nb2  cells 
and  neither  enhanced  or  inhibited  the  mitogenic  response  to  hPRL. 

The  results  of  these  studies  further  showed  that  the  appearance  of  rPIP-43  in  cell 
lysates  was  dependent  on  mitogen  stimulation  of  the  cells  and  not  simply  a  phenomenon 
occurring  during  in  vitro  culture.  It  is  not  surprising  that  aldolase  A  production  in 
lymphocytes  was  induced  by  mitogenic  stimulation.    It  is  well  known  that  mitogenic 
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stimulation  of  resting  lymphocytes  causes  a  series  of  biochemical  changes  including  blast 
formation  and  increased  metabolic  rate,  RNA.  DNA,  and  protein  synthesis  (Parker,  1987). 
These  processes  require  energy  so  it  is  logical  that  the  levels  and/or  activity  of  glycolytic 
enzymes  would  increase  during  mitogenic  stimulation.   Aldolase  enzymatic  activity  has 
been  shown  to  be  increased  in  human  PBLs  stimulated  with  PHA  (Rogers  et  al.,  1980). 
and  this  study  also  reported  an  increase  in  the  level  of  aldolase  protein,  confirming  earlier 
work  using  PHA  and  PWM-stimulated  human  PBLs  (Kester  et  al..  1977).  Rat  thymocytes 
stimulated  with  ConA  showed  a  10-15  fold  increase  in  aldolase  A  mRNA  and  enzyme 
activity  (Netzker  et  al.,  1994).   Aldolase  exists  as  a  multimer,  either  a  homo-tetramer  or 
hetero-tetramer  with  two  of  the  A,  B.  and  C  isozymes  present  in  various  combinations. 
The  A,  B,  and  C  aldolase  isozymes  are  65%  identical  in  amino  acid  sequence.  Of  the  three 
aldolase  isozymes,  A  ("muscle-type"),  B  ("liver-type"),  and  C  ("brain-type"),  A  is 
ubiquitously  expressed  (Lebherz  and  Rutter,  1969).    In  the  spleen,  the  predominant 
isozyme  is  aldolase  A.  although  some  A-C  heterotetramers  were  detected  (Lebherz  and 
Rutter,  1969).  Rogers  et  al.  (1980)  reported  that  the  A  homotetramer  was  the  predominant 
form  in  lymphocytes,  but  that  mitogen  stimulation  caused  the  appearance  of  some  A-C 
hetero-tetramers,  however;   the  C4  homotetramer  was  found  only  in  long-term 
lymphoblastoid  cell  lines,  and  there  were  no  B  subunits  detected.  In  contrast,  other  reports 
concluded  that  only  aldolase  A  was  present  in  lymphocytes  (Steinhagen-Thiessen  and 
Hiltz,  1979;  Netzker  et  al.,  1994);  and  the  reason  for  this  discrepancy  is  uknown.   Since 
aldolase  A,  B,  and  C  are  of  the  same  molecular  weight,  the  data  presented  here  suggest  that 
only  the  A  isozyme  is  present  in  rat  spleen  lymphocytes  because  no  sequence 
corresponding  to  aldolase  B  or  C  was  detected  in  the  rPIP-43  band.  These  data  do  not  rule 
out  the  possibility  that  aldolase  B  or  C  sequence  was  not  detected  as  a  result  of  the  three 
isozymes  having  slightly  different  electrophoretic  mobilities.    A  mitogen-stimulated 
increase  in  aldolase  A  levels  is  not  exclusive  to  lymphocytes.   Aldolase  A  mRNA  was 
induced  in  human  PBLs  by  serum  and  PHA,  and  by  serum  or  phorbol  ester  in  a  human 
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hepatoma  ceil  line  (Gautron  et  al.,  1991).  These  authors  also  observed  that  aldolase  A 
mRNA  was  expressed  at  very  low  levels  in  normal  liver  but  at  higher  levels  in  hepatoma 
tissue  and  suggested  that  aldolase  A  could  serve  as  a  marker  of  proliferating  tissues. 

Previous  studies  showed  that  expression  of  rPIP-43  in  spleen  lymphocytes  from 
pregnant  rats  was  significantly  reduced  in  animals  which  had  been  administered  a  fetotoxic 
dose  of  cocaine  (Chapter  4).  If  rPIP-43  is  aldolase  A,  this  implies  an  effect  of  cocaine  on 
lymphocyte  aldolase  A  expression,  either  as  a  direct  effect  on  gene  expression  or  a  general 
effect  of  cocaine  on  the  ability  of  lymphocytes  to  respond  appropriately  to  mitogenic 
stimuli.  Thus,  aldolase  A,  in  addition  to  serving  as  a  marker  of  proliferating  tissues  as 
suggested  (Gautron  et  al.,  1991),  may  also  represent  a  potential  marker  for  toxicity.  In  line 
with  these  observations,  evidence  has  shown  that  lymphocyte  aldolase  activity  was  altered 
in  various  pathological  states,  including  glomerulonephritis  and  leukemia  (Klingeret  al„ 
1983;  Musolino  et  al,  1992). 

In  summary,  a  mitogen-inducible  Mr  43,000  PRL-immunoreactive  protein  in  rat 
spleen  lymphocytes  has  been  identified  as  the  rat  homologue  of  the  glycolytic  enzyme 
aldolase  A.  The  results  showed  that  this  lymphocye  Mr  43,000  PRL-immunoreactive 
protein  was  not  a  structural  variant  of  PRL,  but  a  distinct  protein.  The  reason  for  the  cross- 
reactivity  of  the  rPRL  antiserum  toward  aldolase  A  is  unknown,  but  the  present  data 
suggest  that  this  was  likely  the  result  of  a  common  epitope  shared  by  rPRL  and  rat  aldolase 
A.  It  was  recently  reported  that  antibodies  made  against  nucleotide  cofactor-requiring 
enzymes  cross-reacted  with  other  nucleotide  cofactor-requiring  enzymes  as  well  as  with 
enzymes  that  bound  phosphoryl  compounds,  including  aldolase  A  (Tucker  et  al.,  1993). 
However,  to  our  knowledge,  there  is  no  evidence  that  PRL  binds  either  nucleotides  or 
phosphoryl  compounds,  although  PRL  is  phosphorylated  (Sinha,  1992).  Since  aldolase  A 
is  a  ubiquitously  expressed  protein  and  present  in  serum,  the  cross-reactivity  of  antiserum 
with  aldolase  A  has  the  potential  to  interfere  with  immunological  detection  of  PRL  in 
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biological  samples.  Finally,  these  data  and  others  suggest  that  lymphocyte  aldolase  A  may 
be  a  useful  indicator  of  lymphocyte  responsiveness. 
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Figure  5-1.  Analysis  of  PRL-immunoreactive  proteins  in  cell  lysates  and  conditioned 
medium  from  rat  spleen  lymphocytes  cultured  in  the  absence  or  presence  of  ConA. 
Lymphocyte  lysates  and  conditioned  medium  were  subjected  to  SDS-PAGE  and  western 
blot  analysis  using  a  1: 1500  dilution  of  anti-rPRL-IC-5.  Each  lane  contains  equal  amounts 
(50  ng)  of  cell  lysate  (lanes  1-4),  or  conditioned  medium  (lanes  5-7).  Lane  1,  freshly 
isolated  lymphocyes;  lanes  2  and  5,  lymphocytes  cultured  14  hr  in  the  absence  of  mitogen; 
lanes  3  and  7,  lymphocytes  cultured  for  72  hr  at  low  density  (1  x  106/ml)  with  2.5  jig/ml 
ConA;  lanes  4  and  6,  lymphocytes  cultured  for  60  hr  at  high  density  (5  x  106/ml)  with  2.5 
Mg/ml  ConA.  The  position  of  molecular  weight  markers  is  indicated  on  the  left,  and  the  Mr 
43,000  PRL-immunoreactive  protein  is  denoted  by  an  arrow. 
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Figure  5-2.  Western  blot  analysis  of  proteins  in  lymphocyte  lysates  cross-reacting  with 
human  and  rat  PRL  antiserum.  Lymphocyte  lysates  were  subjected  to  SDS-PAGE  and 
western  blot  analysis  using  a  1:1500  dilution  of  anti-rPRL-IC-5  or  a  1:1000  dilution  of 
anti-hPRL-P4802-l.  RSL,  rat  spleen  lymphocytes.  (A)  Anti-rPRL  immunoblot.  Left 
panel,  cell  lysates  from  rat  spleen  lymphocytes  cultured  for  48  hr  with  2.5  ng/ml  ConA 
and  exponentially  growing  IM-9  cells.  Right  panel,  cell  lysate  from  exponentially  growing 
Nb2  cells.  (B)  Anti-hPRL  immunoblot  of  cell  lysates  from  48  hr  ConA-stimulated  rat 
spleen  lymphocytes  and  exponentially  growing  IM-9  cells.  The  position  of  molecular 
weight  markers  is  indicated  on  the  left  of  each  panel.  The  Mr  40-43,000  cross-reactive 
protein  detected  with  anti-rPRL  and  anti-hPRL  is  denoted  by  an  arrow 
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rat  aldolase  B  MAHRFPALT£EQKKELSJIA2RIVAK 


Figure  5-3.  Sequence  alignment  of  the  N-terminal  amino  acids  of  rPIP-43  with  amino 
acids  1-26  of  rat  aldolase  A,  B,  and  C.  The  N-terminal  amino  acid  sequence  obtained  from 
SDS-PAGE-fractionated  rPIP-43  is  aligned  with  the  26  N-teminal  amino  acids  of  rat 
aldolase  A.  B.  and  C.  The  rat  aldolase  A,  B,  and  C  sequences  were  taken  from  the  protein 
sequence  databases  contained  in  the  GCG  sequence  analysis  software  package.  Amino 
acids  in  rat  aldolase  B  and  C  differing  from  rPIP-43  and  rat  aldolase  A  are  underlined. 


92 


ng  aldolase  A 
50       250      1000 


anti-rPRL 


49 


anti-hPRL 


49 


normal 
rabbit 
serum 


Figure  5-4.  rPRL  antiserum  recognizes  aldolase  A  on  western  blots.  Rabbit  aldolase  A  (50 
ng,  250  ng,  and  1000  ng)  was  subjected  to  SDS-PAGE  and  western  blot  analysis  using  a 
1:1000  dilution  of  anti-rPRL-IC-5  (upper  panel),  anti-hPRL-P4802- 1  (center  panel),  or 
normal  rabbit  serum  (lower  panel).  The  position  of  the  49K  molecular  weight  marker  is 
indicated  on  the  left  of  each  panel.  The  aldolase  A  Mr  43,000  band  is  denoted  by  an  arrow. 
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Figure  5-5.  Western  blot  of  rPIP-43,  aldolase  A,  and  rPRL  using  rPRL  or  aldolase  A- 
preabsorbed  rPRL  antiserum.  50  ng  rat  spleen  lymphocyte  lysate  (RSL)  and  IM-9  cell 
lysate,  and  500  ng  rabbit  aldolase  A  and  rPRL  were  subjected  to  SDS-PAGE  and  western 
blot  analysis.  The  blots  were  immunostained  with  a  1: 1500  dilution  of  anti-rPRL-IC-5  (left 
panel),  a  1:1500  dilution  of  anti-rPRL-IC-5  preabsorbed  with  rPRL  (middle  panel)  or  a 
1:1500  dilution  of  anti-rPRL-IC-5  preabsorbed  with  rabbit  aldolase  A  (right  panel)  The 
position  of  molecular  weight  markers  is  indicated  on  the  left  of  each  panel  rPIP-43  and  the 
co-migrating  aldolase  A  Mr  43,000  band  detected  with  anti-rPRL  is  denoted  by  an  arrow 
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Figure  5-6.  Effect  of  aldolase  A  on  proliferation  of  Nb2  lymphoma  ceils.  Rabbit  aldolase 
A,  0.01-10  ng/ml.  was  added  to  the  assay  either  alone  or  together  with  a  suboptimal  (0  25 
ng/ml)  concentration  of  hPRL.  The  EC50  for  hPRL  in  this  experiment  was  0.19  ng/ml. 
The  results  of  a  representative  experiment  are  shown  and  the  values  represent  the  mean  ± 
SE  cpm  of  triplicate  wells.  The  maximal  cpm  incorporated  in  response  to  hPRL  was 
41,106  ±  2,564  cpm. 


CHAPTER  6 

CHARACTERIZATION  OF  THE  AH  RECEPTOR  AND  TCDD  RESPONSIVENESS  IN 

HUMAN  B  LYMPHOCYTE  CELL  LINES 

Introduction 

The  prototype  halogenated  aromatic  hydrocarbon  2,3,7,8-tetrachlorodibenzo-p- 
dioxm  (TCDD)  is  a  persistent  environmental  contaminant  which  produces  a  wide  spectrum 
of  adverse  effects  in  laboratory  animals,  including  tumor  promotion,  reproductive  and 
developmental  toxicity,  and  immunotoxicity  (Vanden  Heuvel  and  Lucier,  1993).  The 
immunotoxicity  of  TCDD  is  well  documented  and  includes  effects  on  both  cell  mediated 
and  humoral  immunity  (reviewed  in  Holsapple,  1991;  Kerkvliet  and  Burleson,  1994). 
Decreased  antibody  responses  to  T-independent  and  T-dependent  antigens  (Hindsill  et  al., 
1980;  Vecchi  et  al.,  1980;  Clark  et  al.,  1981;  Kerkvliet  et  al.,  1985;  Dooley  and  Holsapple, 
1988;  House  et  al.,  1990;  Harper  et  al.,  1994)  have  been  described  in  mice  after  in  vivo 
administration  of  TCDD.  The  suppression  of  the  antibody  response  to  sheep  red  blood 
cells  (a  T-dependent  antigen)  in  responsive  mouse  strains  is  in  fact  one  of  the  most 
sensitive  endpoints  of  TCDD  exposure  occurring  at  single  doses  less  than  1  ng/kg  (Davis 
and  Safe,  1988;  Narasimhan  et  al.,  1994).  Furthermore,  TCDD  treatment  of  murine 
splenic  and  human  tonsillar  B  lymphocytes  in  vitro  inhibits  immunoglobulin  production 
elicited  by  a  variety  of  stimuli  (Luster  et  al.,  1988:  Wood  and  Holsapple,  1993;  Wood  et 
al.,  1993).  These  studies  and  others  (reviewed  in  Holsapple  et  al.,  1991)  indicate  that 
TCDD  is  capable  of  directly  altering  B  cell  function  and  support  the  hypothesis  that  the  B 
lymphocyte  is  the  primary  target  in  TCDD-mediated  humoral  immunosuppression. 

TCDD  binds  with  high  affinity  to  an  intracellular  protein,  the  AhR,  which  functions 
as  a  ligand-activated  transcription  factor.  At  present,  the  molecular  mechanism  by  which 
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TCDD  decreases  B  lymphocyte  antibody  production  is  unknown,  but  evidence  supports  a 
role  for  the  AhR  in  the  TCDD-mediated  suppression  of  antibody  responses  (Davis  and 
Safe,  1988;  Holsapple,  1991;  Harper  et  al.,  1994).    The  AhR  is  present  in  all  tissues 
examined  (Dolwick  et  al.,  1993),  and  the  AhR  in  human  tonsillar  lymphocytes  (Lorenzen 
and  Okey,  1991),  and  a  human  B  lymphocyte  cell  line  (Waithe  et  al„  1991)  has  been 
characterized  biochemically.  While  most  biochemical  and  molecular  studies  of  the  AhR 
have  been  performed  with  rodent  liver  or  hepatoma  cell  lines,  there  is  little  information 
available  regarding  the  molecular  properties  of  the  AhR  complex  in  human  or  murine 
lymphocytes,  despite  the  substantial  immune  effects  of  TCDD.  Recent  evidence  showing 
that  mice  lacking  a  functional  AhR  ligand  binding  subunit  had  greatly  reduced  numbers  of 
lymphocytes  in  the  periphery  (Fernandez-Salguero  et  al.,  1995)  underscores  the  need  to 
examine  in  greater  detail  the  properties  of  the  AhR  in  lymphocytes.  The  present  studies 
characterized  the  AhR  in  human  B  lymphocyte  cell  lines  and  additionally,  evaluated 
whether  these  cell  lines  could  be  used  as  a  suitable  model  for  examining  the  susceptibility 
of  human  B  cells  to  TCDD.   The  HepG2  human  hepatoma  cell  line  was  used  in  these 
studies  for  comparative  purposes  since  this  cell  line  has  been  found  to  be  similar  to  the 
more  widely  used  murine  hepatoma  cell  line  Hepa-1  model  with  respect  to  TCDD 
responsiveness  and  the  biochemical  properties  of  the  AhR  (Labruzzo  et  al.,  1989;  Roberts 
et  al.,  1990;  Gradin  et  ai.,  1993). 

Results 
Human  B  Lymphocyte  Cell  lines  Fxpress  AhR  nnd  ARNT 

Northern  blot  analysis  was  performed  to  determine  if  the  IM-9  and  PJS-91  human 
B  lymphocyte  cell  lines  expressed  mRNA  transcripts  for  the  components  of  the  DNA- 
binding  form  of  the  AhR  complex.  Fig.  6-1  shows  that  both  cell  lines  expressed  a  single 
6.6  kb  AhR  mRNA  transcript,  data  consistent  with  previous  observations  in  human  tissues 
(Dolwick  et  al.,  1993).  The  level  of  expression  of  AhR  mRNA  in  IM-9  and  PJS-91  cells, 
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however,  was  very  low  compared  to  the  level  in  the  well  characterized  TCDD-responsive 
human  hepatoma  cell  line,  HepG2  (Fig.  6-1).  ARNT  mRNA  transcripts  of  1.8,  2.6,  and 
4.7  kb  were  detected  in  all  three  cell  lines  at  similar  levels,  in  contrast  to  AhR  mRNA  levels 
(Fig.  6-1).  TCDD  treatment  had  no  effect  on  AhR  mRNA  levels  in  IM-9  and  HepG2  cells, 
or  ARNT  mRNA  levels  in  IM-9,  PJS-91,  and  HepG2  cells.  In  PJS-91  cells,  AhR  mRNA 
levels  were  decreased  by  TCDD  treatment  (Fig.  6-1). 

Western  blotting  with  AhR  and  ARNT  antibodies  was  performed  to  determine  the 
presence  of  the  components  of  the  DNA-binding  form  of  the  AhR  complex  in  IM-9  and 
PJS-91  cells.  The  AhR  antibody  specifically  detected  a  Mr  1 10,000  immunoreactive  band 
in  cytosol  and  nuclear  extracts  from  IM-9,  PJS-91,  and  HepG2  cells  (Fig.  6-2,  left  panel), 
consistent  with  previous  reports  on  the  human  AhR  (Roberts  et  al„  1990;  Probst  et  al., 
1993).  The  level  of  AhR  protein  was  greatest  in  HepG2  cells,  with  lower  levels  in  PJS-91 
cells,  and  barely  detectable  levels  in  IM-9  cells.  A  similar  relative  level  of  expression 
between  the  three  cell  lines  was  seen  in  both  cytosol  and  nuclear  extracts.  Interestingly,  the 
AhR  was  detected  in  nuclear  extracts  from  both  untreated  and  TCDD-treated  cells  and  the 
levels  did  not  appear  to  be  increased  by  TCDD  treatment.  The  ARNT  antibody  specifically 
reacted  with  a  Mr  94,000  protein  as  well  as  a  closely  migrating  Mr  91,000  protein  (Fig.  6- 
2,  right  panel).  Both  antibodies  reacted  weakly  with  other  proteins  on  western  blots,  but 
these  bands  did  not  appear  to  be  specific  as  they  were  also  recognized  by  normal  goat 
serum  or  the  ARNT  preimmune  serum  (data  not  shown).  In  parallel  with  the  results  of 
northern  analysis,  the  level  of  ARNT  was  similar  in  all  cell  lines  and  the  level  of  ARNT  in 
nuclear  extracts  was  not  affected  by  TCDD  treatment. 

TCDD  Induces  CYPI A I  Expression  in  PJS-91.  but  not  IM-9  Cells 

The  transcriptional  induction  of  CYPI  Al  expression  is  the  hallmark  response  to 
TCDD  and  widely  used  as  a  measure  of  responsiveness  to  TCDD.  Western  blotting 
showed  that  CYPI  A 1  protein  was  not  present  in  HepG2  cells  in  the  absence  of  TCDD 
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treatment,  but  expression  was  highly  induced  by  TCDD  (Fig.  6-3).  PJS-91  cells  expressed 
low  levels  of  the  CYP1A1  protein  constitutively  and  the  level  was  increased  in  response  to 
TCDD  (Fig.  6-3).  No  CYP1A1  protein  was  detectable  in  PJS-91  cells  treated  with  TCDD 
in  combination  with  the  AhR  antagonist  3'-methoxy-4'-nitroflavone  (MNF)  (Lu  et  al., 
1995).  On  the  other  hand,  IM-9  cells  did  not  express  CYP1  Al  protein  either  constitutively 
or  after  TCDD  treatment  (Fig.  6-3).  A  slightly  faster  migrating  fainter  Mr  47,000  band  was 
present  constitutively  in  IM-9  and  PJS-91  cells  and  in  TCDD-treated  HepG2  cells  (Fig.  6- 
3).  The  level  of  this  protein  was  not  altered  by  TCDD  treatment  in  IM-9  and  PJS-91  cells. 
This  band  may  represent  CYP1 A2  since  the  CYP1A1  antiserum  used  in  these  experiments 
also  reacts  with  CYP1A2. 

Induction  of  CYP1A1  was  further  examined  in  PJS-91  cells  by  analysis  of 
CYP1A1  mRNA  levels  in  concentration  and  time-course  experiments.  A  2.6  kb  CYP1  Al 
mRNA  transcript  was  present  constitutively  in  PJS-91  cells,  with  TCDD  treatment 
markedly  increasing  CYP1  Al  mRNA  in  a  concentration  and  time-dependent  fashion  (Fig. 
6-4  A).  As  seen  on  western  blots,  HepG2  cells  did  not  express  CYP1A1  mRNA 
constitutively,  and  TCDD  greatly  induced  CYP1A1  mRNA  (data  not  shown).  Moreover, 
there  was  no  CYP 1 A 1  mRNA  detectable  in  untreated  or  TCDD-treated  IM-9  cells  (data  not 
shown).  Quantitation  of  CYP1A1  mRNA  levels  in  PJS-91  cells  showed  that  maximal 
induction  occurred  at  a  TCDD  concentration  of  25  nM  (approximately  7-fold)  and  the  fold 
induction  continued  to  increase  throughout  the  72  hr  culture  period  (Fig.  6-4  B).  PJS-91 
cells,  but  not  IM-9  cells,  also  expressed  a  5.7  kb  CYP1B1  mRNA  (Sutter  et  al.,  1994) 
constitutively,  which  was  increased  by  TCDD  treatment  (data  not  shown). 

Gel  Mobility  Shift  Analysis  of  the  Cvtosolic  AhR  Complex 

The  AhR  in  cytosol  is  inactive  with  respect  to  DNA-binding  and  is  associated  with 
the  molecular  chaperone.  hsp90  (Hankinson,  1995),  which  may  function  to  maintain  the 
cytosolic  AhR  in  the  ligand-binding.  non-DNA-binding  conformation.   Exposure  of  the 
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cytosolic  AhR  to  ligand  in  vitro  promotes  the  dissociation  of  hsp90  and  association  of  the 
AhR  with  ARNT,  thereby  transforming  the  AhR  to  the  active  DNA-binding  complex.  In 
western  blot  experiments,  the  AhR  and  ARNT  were  both  detected  in  IM-9  and  PJS-91 
cytosol  (Fig.  6-2).  Gel  mobility  shift  assays  were  performed  with  in  vitro  transformed 
cytosol  and  an  oligonucleotide  probe  corresponding  to  a  DRE-containing  segment  from  the 
5'  flanking  region  of  the  human  CYP 1 A 1  gene.  Ligand:AhR  binding  in  vitrg.  occurs  at  0-4 
C,  while  ligand-induced  transformation  of  the  AhR  complex  to  the  DNA-binding  form  is  a 
temperature-dependent  process  (Harper  et  al.,  1992).    In  Fig.  6-5,  gel  shift  analysis 
indicated  that  cytosol  prepared  from  untreated  HepG2,  IM-9,  and  PJS-91  cells  and 
incubated  for  2  hr  at  20  C  with  DMSO  vehicle  contained  the  DNA-binding  form  of  the  AhR 
complex.  TCDD  treatment  of  cytosol  in  vitro  increased  the  amount  of  AhR:DRE  binding. 
Cytosol  to  which  no  additions  (DMSO  or  TCDD)  were  made,  and  kept  at  0  C  before 
assembling  the  gel  shift  binding  reaction  contained  lower  levels  of  DRE-binding  (data  not 
shown).  This  result  is  consistent  with  a  temperature-dependent,  yet  ligand-independent  in 
vitro  activation  of  the  AhR  complex  to  a  DNA-binding  form,  and  suggests  the  presence  of  a 
constitutively  active  AhR  complex  present  in  these  cells  in  vivo.  Specificity  of  AhR:DRE 
formation  was  demonstrated  by  competition  with  excess  unlabeled  DRE,  but  not  by  a  DRE 
oligonucleotide  containing  a  double  mutation  in  the  GCGTG  core  sequence  (DREmut) 
essential  for  AhR  binding  (Whitlock,  1993)  (Fig.  6-5).  Consistent  with  previous  results 
from  western  and  northern  blotting,  the  amount  of  AhR:DRE  binding  was  greatest  in 
HepG2  cytosol  and  lower  in  PJS-91  and  IM-9  cytosol.   Addition  of  an  antibody  specific 
for  the  conserved  N-terminus  of  the  mouse  AhR  (Poland  et  al.,  1991)  resulted  in  a  DRE- 
binding  complex  of  lower  mobility  (i.e.,  supershift,  denoted  by  the  bracket)  in  all  three  cell 
lines  (Fig.  6-5).  Inclusion  of  an  ARNT  antibody  (Probst  et  al.,  1993)  produced  a  strong, 
but  not  complete  supershift  of  the  AhR  complex  in  cytosol  from  all  cell  lines  (Fig.  6-5). 
Thus,  the  cytosolic  DNA-binding  form  of  the  AhR  complex  in  IM-9  and  PJS-91  cells  is 
identical  to  the  HepG2  cytosolic  AhR  as  assessed  by  the  gel  mobility  shift  assay. 
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Gel  Mobility  Shift  Analysis  of  the  Nuclear  AhR  Complex 

Nuclear  extracts  were  prepared  from  cells  treated  for  2  hr  with  TCDD  to  induce 
nuclear  translocation  of  the  AhR  complex,  and  the  DNA-binding  form  of  the  AhR  complex 
was  analyzed  by  the  gel  shift  assay.  Several  nuclear  proteins  bound  to  the  CYP1A1  DRE 
probe  (Fig.  6-6).  In  HepG2  nuclear  extracts,  the  AhR  complex  is  the  prominent  band  of 
lowest  mobility  which  was  induced  by  TCDD  treatment  (Fig.  6-6,  left  panel).   Nuclear 
extracts  from  IM-9  and  PJS-91  cells  contained  a  CYP1A1  DRE-binding  complex  of 
similar,  but  slightly  lower  mobility  than  the  HepG2  AhR:DRE  complex  (Fig.  6-6,  center 
and  right  panels,  respectively).  The  nuclear  AhR  complex  exhibited  the  same  DNA  binding 
specificity  as  the  cytosolic  AhR  complex,  insofar  as  the  nuclear  AhR  complex  was 
completely  abolished  by  an  excess  of  the  unlabeled  DRE  oligonucleotide,  but  not  unlabeled 
mutant  DRE  oligonucleotide  (Fig.  6-6).  In  all  three  cell  lines,  the  AhR  complex  was  clearly 
the  most  abundant  nuclear  protein  binding  to  the  DRE.    In  IM-9  and  PJS-91  nuclear 
extracts,  however,  there  was  an  abundant  higher  mobility  DRE-binding  complex  not 
detected  in  HepG2  nuclear  extracts  (Fig.  6-6).   This  complex  in  B  cells  appears  to  be 
specific  for  the  DRE,  albeit  with  a  lower  affinity  for  the  DRE  than  the  AhR  complex,  since 
formation  is  not  completely  competed  by  excess  unlabeled  DRE  and  partially  competed  by 
the  mutant  DRE.  A  substantial  amount  of  the  AhR  complex  was  present  in  nuclear  extracts 
from  IM-9  and  PJS-91  cells  exposed  to  DMSO  vehicle  alone.  This  is  in  contrast  to  the 
results  seen  in  HepG2  cells,  where  there  was  only  a  small  amount  of  AhR:DRE  complex 
formed  in  the  absence  of  TCDD  (Fig.  6-6).  TCDD  treatment  only  marginally  increased  the 
level  of  the  nuclear  DRE-binding  complex  in  IM-9  cells,  although  the  increase  in  the  level 
of  the  nuclear  DRE-binding  complex  in  PJS-91  cells  was  more  pronounced  (Fig.  6-6). 

AhR  antibody  completely  supershifted  the  AhR  complex  in  HepG2  nuclear  extracts, 
however;  in  contrast  with  the  results  seen  with  the  cytosolic  AhR  complex,  only  a  fraction 
of  the  complex  was  supershifted  by  the  AhR  antibody  in  IM-9  and  PJS-91  nuclear  extracts 
(Fig.  6-6).  The  ARNT  antibody  produced  a  strong  supershift  of  the  AhR  complex  in  all 
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three  cell  lines.  Normal  goat  serum  or  ARNT  preimmune  serum  did  not  affect  AhR:DRE 
binding  nor  did  a  higher  concentration  of  AhR  antibody  increase  the  extent  of  the  supershift 
in  IM-9  and  PJS-91  cells  (data  not  shown).  These  results  confirmed  that  one  component  of 
the  DRE-binding  complex  in  IM-9  and  PJS-91  cells  is  the  ligand  binding  subunit  of  the 
AhR,  and  that  ARNT  is  a  major  component  of  the  DRE-binding  factor  in  HepG2,  IM-9  and 
PJS-91  cells.  The  fact  that  only  a  partial  supershift  was  observed  with  the  AhR  antibody, 
coupled  with  the  diffuse  nature  and  lower  mobility  of  the  AhR  complex  in  IM-9  and  PJS- 
91  cells,  led  to  an  attempt  to  resolve  the  AhR  complex  band  on  gel  shifts.  With  a  high 
specific  activity  probe  and  a  lower  probe  concentration,  the  AhR  complex  in  untreated  and 
TCDD-treated  IM-9  nuclear  extracts  was  clearly  resolved  into  three  distinct  bands  (Fig.  6- 
6,  center  panel).  Interestingly,  although  all  three  bands  were  present  in  higher  amounts  in 
nuclear  extracts  from  TCDD-treated  cells  relative  to  untreated  cells,  only  the  middle  band 
was  supershifted  by  the  AhR  antibody.  In  contrast,  all  three  bands  were  supershifted  by 
the  ARNT  antibody.  Due  to  the  higher  levels  of  the  AhR:DRE  complex  in  PJS-9 1  nuclear 
extracts  relative  to  IM-9  cells,  the  AhR  complex  could  clearly  be  resolved  into  multiple 
bands  only  when  shorter  autoradiographic  exposures  were  performed,  and  under  no 
conditions  tested  was  more  than  a  single  band  detected  in  HepG2  nuclear  extracts  (data  not 
shown).  It  was  clear,  however,  that  the  the  AhR  antibody  only  supershifted  the  center 
portion  of  the  AhR  complex-dependent  band  in  PJS-9 1  nuclear  extracts  (Fig.  6-6).  It  is 
unknown  whether  this  result  represents  the  inability  of  the  AhR  antibody  (which  is  made 
against  the  N-terminal  region  of  the  AhR  containing  the  DNA-binding  domain)  to  react  with 
a  different  conformation  of  the  AhR:DRE  complex  that  is  unique  to  these  B  cell  lines,  or 
alternatively,  whether  ARNT  is  complexed  with  other  proteins  in  B  cells. 

Although  the  level  of  the  DNA-binding  form  of  the  AhR  complex  in  IM-9  and  PJS- 
91  nuclear  extracts  was  increased  by  TCDD  treatment,  there  was  qualitatively  no  difference 
in  DNA-binding  specificity  or  subunit  composition  between  the  nuclear  AhR  complex  in 
the  absence  and  presence  of  TCDD  treatment  as  assessed  by  gel  mobility  shift  analysis. 
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TCDD  and  Salt  Concentration  Dependency  of  AhR:DRE  Binding  in  Nuclear  Extracts 

PJS-91  and  HepG2  cells  were  treated  for  2  hr  with  varying  concentrations  of 
TCDD,  after  which  nuclear  extracts  were  prepared  for  analysis  by  the  gel  shift  assay. 
TCDD  concentration-response  experiments  were  performed  only  with  PJS-91  cells  because 
of  the  small  magnitude  of  the  increase  in  DRE  binding  with  TCDD  treatment  in  both  IM-9 
and  PJS-91  cells.  As  previously  noted,  there  was  a  substantial  amount  of  DRE  binding  in 
untreated  PJS-91,  but  not  HepG2  nuclear  extracts  (Fig.  6-6  A).  In  HepG2  cells,  the 
TCDD-response  curve  for  maximal  DRE  binding  yielded  a  typical  sigmoidal  curve  with  a 
concentration-dependent  increase  in  DRE  binding.  In  PJS-91  cells,  however,  there  was  an 
unexpected  decrease  in  the  amount  of  AhR:DRE  complex  formed  at  TCDD  concentrations 
less  than  10  nM  relative  to  untreated  cells,  before  increasing  again  between  0.5  and  25  nM 
TCDD.  Maximal  DRE  binding  occurred  at  25  nM  and  50  nM  TCDD  in  PJS-91  and  HepG2 
cells,  respectively. 

In  preliminary  experiments,  the  level  of  AhR:DRE  binding  in  IM-9  and  PJS-91,  but 
not  HepG2  cells,  was  considerably  lower  when  the  gel  shift  binding  reaction  was 
conducted  with  KG  concentrations  of  60-75  mM,  as  often  used  in  gel  mobility  shift 
assays.  Experiments  were  performed  to  determine  if  there  was  a  salt  concentration- 
dependency  of  the  DNA-binding  form  of  the  AhR  complex  in  IM-9  and  PJS-9 1  cells.  Fig. 
6-7  B  shows  that  the  optimal  concentration  of  KC1  for  DRE  binding  was  similar  in  PJS-91 
and  HepG2  cells  (100  mM),  but  in  IM-9  cells,  DRE  binding  was  increased  up  to  150  mM 
KC1.  Interestingly,  in  PJS-91  and  IM-9  cells,  at  the  lowest  KC1  concentration,  there  was 
more  DRE  bound,  indicating  the  possibility  of  a  lower  affinity  form  of  the  DRE-binding 
complex. 

UV  Cross-Linking  Analysis  of  the  Nuclear  AhR  Complex 

The  apparent  difference  in  the  composition  of  the  DNA-binding  form  of  the  nuclear 
AhR  complex  between  HepG2  cells  and  IM-9  and  PJS-91  cells  led  to  an  attempt  to  identify 
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the  components  of  the  AhR  complex  in  IM-9  and  PJS-91  cells.  A  CYP1A1  DRE  probe 
substituted  with  three  BrdUTPs  in  the  AhR  binding  site  (UUGCGUG)  was  prepared  to 
covalently  crosslink  DRE-binding  proteins  in  IM-9,  PJS-91,  and  HepG2  nuclear  extracts 
upon  exposure  to  UV  light.    The  AhR  complex  bound  to  the  cross-linking  probe 
indistinguishable  from  that  obtained  with  the  non-BrdU-substituted  CYP1  Al  DRE  probe  in 
the  gel  mobility  shift  assay  (data  not  shown).  In  the  autoradiographic  exposure  of  one  of 
duplicate  blots,  several  protein-DNA  complexes  were  observed  when  nuclear  proteins  were 
cross-linked  in  solution  to  the  BrdU-substituted  probe  (Fig.  6-8,  top  panel).   No  bands 
were  detected  when  the  cross-linking  probe  or  the  binding  reaction  with  nuclear  extract 
from  TCDD-treated  HepG2  cells  was  subjected  to  SDS-PAGE  without  prior  UV  exposure 
(data  not  shown).  All  of  the  cross-linked  bands  were  competed  by  an  excess  of  unlabeled 
DRE,  but  only  four  bands  could  be  distinguished  that  were  not  competed  by  excess 
unlabeled  mutant  DRE  (Fig.  6-8,  top  panel).   In  gel  shift  assays,  only  the  AhR  complex 
exhibited  a  similar  DNA-binding  specificity,  so  it  is  likely  that  these  specifically  cross- 
linked  bands  represent  DNA-binding  components  of  the  AhR  complex.    An  Mr  107- 
1 10,000  specifically  cross-linked  band  (top  arrow)  was  detected  in  TCDD-treated  HepG2 
nuclear  extracts.    In  PJS-91  nuclear  extracts,  a  similar,  but  much  fainter  band,  was 
detected,  however;  there  was  also  a  Mr  103,000  band  (middle  arrow)  that  was  specifically 
crosslinked  to  the  DRE.   In  both  PJS-91  and  HepG2  cells,  there  was  also  a  Mr  90,000 
band  (lower  arrow),  and  a  Mr  75,000  band  specifically  crosslinked  to  the  DRE  (Fig.  6-8, 
top  panel).   With  the  cross-linking  technique,  it  is  possible  that  the  apparent  molecular 
weight  may  be  altered  as  a  result  of  the  covalent  linkage  between  protein  and  DNA. 
Western  blotting  of  cross-linked  proteins  showed  that  the  AhR  migrated  at  1 10,000  and 
ARNT  at  91,000  Fig.  6-8,  center  and  lower  panels),  consistent  with  previous  results  in 
western  blotting  experiments  (Fig.  6-2).    Immunoreactive  AhR  protein  was  barely 
detectable  in  IM-9  and  PJS-91  nuclear  extracts.   This  was  likely  a  result  of  the  lower 
amount  of  protein  loaded  on  the  gel  (-30  ng),  as  low  levels  of  AhR  were  detected  in  IM-9 
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and  PJS-91  nuclear  extracts  with  more  than  twice  the  amount  of  protein  (Fig.  6-2).  Both 
immunostained  bands  migrated  very  close  if  not  identical  to  the  Mr  107-1 10,000  and  Mr 
90,000  specifically  cross-linked  bands  when  the  corresponding  autoradiograph  was  aligned 
with  the  immunoblot.  In  contrast,  neither  the  AhR  or  ARNT  antibody  reacted  with  a 
protein  of  Mr  103,000  as  seen  in  PJS-91  nuclear  extracts  (Fig.  6-8,  center  and  lower 
panels). 

In  situ  UV  crosslinking  was  also  performed  to  determine  if  the  specifically 
crosslinked  proteins  were  part  of  the  DRE-binding  complex  observed  in  the  gel  shift  assay. 
Gel  shift  binding  reactions  were  run  on  non-denaturing  gels  as  in  gel  shift  assays  and  then 
the  entire  gel  was  irradiated.  After  exposure  to  X-ray  film,  the  AhR  complex  was 
identified,  excised  from  the  gel,  and  proteins  eluted  before  analyzing  by  SDS-PAGE.  In 
TCDD-treated  HepG2  cells,  two  crosslinked  bands  of  Mr  105,000  and  75,000  were 
observed  (Fig.  6-9).  Similar  Mr  bands  were  present  in  untreated  and  TCDD-treated  nuclear 
extracts  from  both  IM-9  and  PJS-91,  however,  the  Mr  105,000  band  was  very  faint 
compared  to  HepG2  cells  (Fig.  6-9).  In  contrast,  IM-9  and  PJS-91  nuclear  extracts 
contained  a  Mr  94,000  crosslinked  protein  which  was  of  equal  or  greater  intensity  than  the 
Mr  105,000  band  in  HepG2  nuclear  extracts,  and  a  fainter  Mr  84,000  band  (Fig.  6-9). 
These  Mr  values  correspond  roughly  to  those  seen  in  the  cross-linking  in  solution 
experiment,  except  they  are  approximately  5,000-10,000  lower.  The  reason  for  this 
discrepancy  is  not  known,  but  may  result  from  slightly  altered  migration  of  the  molecular 
weight  markers  used  for  calculation  on  a  dried  gel  versus  a  membrane  from  a  blotted  gel. 
Due  to  the  long  exposure  times  required  in  the  in  situ  cross-linking  experiments,  and  the 
faintness  of  the  cross-linked  bands,  it  was  important  to  confirm  these  bands  were  not 
artifactual.  Control  experiments  showed  that  no  cross-linked  bands  were  detected  when  the 
free  probe  was  isolated  from  the  irradiated  gel  (data  not  shown),  or  when  the  free  probe  or 
the  AhR  complex-dependent  band  was  isolated  from  the  gel  not  exposed  to  UV  were 
analyzed  similarly  (Fig.  6-9). 
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Discussion 

TCDD  has  significant  suppressive  effects  on  murine  and  human  B  lymphocyte 
function.  Yet  there  have  been  few  attempts  to  characterize  the  AhR  in  any  lymphocyte 
population.  The  studies  presented  here  demonstrated  for  the  first  time  that  human  B 
lymphocytes  express  the  components  of  the  DNA  binding  form  of  the  AhR  complex.  By 
comparison  with  the  AhR  complex  in  the  human  hepatoma  cell  line,  HepG2;  IM-9  and 
PJS-91  human  B  lymphocyte  cell  lines  expressed  identical  AhR  and  ARNT  mRNA 
transcripts  and  immunoreactive  protein.  The  results  of  northern  and  western  blot  analysis 
showed  that  AhR  levels  were  considerably  lower  in  IM-9  and  PJS-91  cells  relative  to 
HepG2  cells,  while  ARNT  levels  were  similar  in  the  three  cell  lines.  Moreover,  gel  shift 
analysis  of  the  nuclear  and  cytosolic  AhR  complex  demonstrated  that  IM-9  and  PJS-91 
cells  also  expressed  lower  levels  of  the  DNA-binding  form  of  the  AhR  complex  than 
HepG2  cells. 

CYP1A1  mRNA  levels  were  much  lower  in  PJS-91  cells  than  in  HepG2  cells.  It  is 
possible  that  only  a  subpopulation  of  cells  in  the  polyclonal  PJS-91  cell  line  were 
expressing  CYP1A1.  CYP1A1  induction  also  negatively  correlated  with  the  growth  rate  of 
PJS-91  ceils  and  the  time  in  continuous  culture,  insofar  as  in  some  experiments,  PJS-91 
cells  did  not  express  detectable  CYP 1 A 1  mRNA  or  protein  (data  not  shown).  These  results 
are  not  unique  in  that  others  have  reported  cell  lines  which  were  non-responsive  to  TCDD 
(as  measured  by  1A1  induction),  yet  contained  detectable  levels  of  the  AhR  (Okey  et  al., 
1980;  Thomsen  et  al„  1991;  Gradin  et  al.,  1993).  Thus  the  presence  of  the  AhR  may  not 
be  sufficient  to  confer  TCDD  responsiveness  in  terms  of  CYP1A1  induction,  nor  is 
CYP1A1  induction  a  reliable  indicator  of  whether  a  cell  will  respond  to  TCDD  in  studies 
where  other  biological  endpoints  are  measured.  So  if  the  AhR  is  constitutively  in  the 
nucleus  able  to  bind  DNA,  then  why  is  CYP1A1  not  induced?  The  CYP1A1  gene  contains 
a  negative  regulatory  element  (Boucher  et  al.,  1993)  that  may  function  to  keep  CYP1A1 
gene  expression  repressed  in  the  absence  of  positive  acting  factors  (i.e.  the  AhR).  But  in 
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most  ceils,  a  functional  AhR  appears  to  be  able  to  overcome  this  repression  when  activated 
by  TCDD  treatment.  In  cells  where  CYP1A1  is  not  inducible  by  TCDD,  yet  contain  a 
functional  and/or  constitutively  active  AhR  complex,  an  additional  mechanism  must  be  in 
place  to  prevent  the  CYP1A1  gene  from  being  transcribed.  This  is  reasonable  since 
CYP1A1  activates  xenobiotics  into  reactive  metabolites  and  may  generate  reactive  oxygen 
species  in  addition  to  detoxifying,  and  therefore,  it  may  be  a  disadvantage  for  a  cell  to 
constitutively  express  high  levels  of  CYP1A1.  Transcriptional  repression  of  the  CYP1A1 
gene  could  result  from  the  presence  of  either  a  cis  or  trans  acting  repressor.  A  nuclear 
protein  binding  to  the  DREs  in  the  CYP1A1  gene  could  prevent  the  AhR  from  occupying 
these  sites.  The  abundant  DRE-binding  proteins  detected  by  gel  shift  assays  in  LM-9  and 
PJS-91  nuclear  extracts  may  represent  such  a  protein.  Alternatively,  a  trans  acting 
repressor  could  interact  directly  with  the  AhR  to  prevent  the  AhR  from  binding  to  the  DRE, 
or  inhibit  transcriptional  activation  mediated  by  the  AhR  complex  bound  to  its  cognate 
binding  site.  The  latter  possibility  would  be  consistent  with  the  results  of  gel  shift  assays 
presented  here,  where  other  proteins  may  associate  with  the  AhR  or  ARNT,  yet,  the  AhR 
complex  is  still  capable  of  binding  to  the  DRE.  There  is  evidence  for  a  trans  acting 
repressor  in  a  mutant  Hepa  lc  cell  line  in  which  CYP1A1  is  not  induced  by  TCDD  (Watson 
et  al.,  1992).  These  cells  contain  normal  levels  of  the  AhR  capable  of  binding  to  a  DRE  in 
vitro,  but  no  in  vivo  footprints  were  detected  at  the  DREs  in  the  CYP1A1  gene. 

In  IM-9  and  PJS-91  cells,  the  DNA-binding  AhR  complex  was  constitutively 
present  in  nuclear  extracts.  There  have  been  other  reports  of  the  AhR  in  the  nucleus  in  the 
absence  of  TCDD  treatment.  Low  levels  of  nuclear  AhRrDRE  binding  were  found  in 
human  breast  cancer  cell  lines  (Thomsen  et  al.,  1991;  White  and  Gasiewicz,  1993),  and 
human  dermal  fibroblasts  (Gradin  et  al.,  1993),  however;  the  amount  of  AhR  in  the 
nucleus  was  still  considerably  induced  by  ligand.  In  another  study,  immunochemical 
staining  of  mouse  embryos  detected  nuclear  AhR  in  the  palatal  shelves  in  the  absence  of 
TCDD  treatment  (Abbot  et  al.,  1994).  The  results  presented  here,  together  with  those  cited 
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above,  differ  from  the  current  model  of  AhR  action  where  the  unliganded  receptor  exists  in 
an  inactive  form  in  the  cytosol  unable  to  bind  DNA  (Whitlock,  1993;  Okey  et  al.,  1994).  A 
possible  explanation  for  these  findings  is  that  the  AhR  complex  found  constitutively  in 
nuclear  extracts  in  IM-9  and  PJS-91  cells  requires  ligand  for  transcriptional  activation,  but 
not  for  DNA-binding.  In  support  of  this  possibility,  recent  evidence  suggests  that  the 
transactivation  function,  but  not  DNA-binding,  of  the  estrogen  receptor  is  responsive  to 
ligand  (Hyder  and  Stancel.  1994).  Another  possibility  is  that  one  or  both  of  the 
components  of  the  AhR  complex  performs  a  necessary  cellular  function  only  in  certain  cell 
types,  or  the  AhR  has  become  constitutively  active  as  a  result  of  the  immortalization  in 
these  cell  lines,  again  implying  either  an  essential  function  or  a  selective  advantage.  This 
was  recently  demonstrated  for  the  ARNT  protein,  which  was  found  to  be  a  component  of 
hypoxia-inducible  factor  1.  a  heterodimeric  transcription  factor  controlling  expression  of 
glycolytic  genes  (Wang  et  al.,  1995). 

The  presence  of  the  DNA-binding  form  of  the  AhR  complex  in  the  nucleus  in  IM-9 
and  PJS-91  cells  in  the  absence  of  TCDD  has  important  implications  for  the  responsiveness 
of  these  cells  to  TCDD.  Hsp90  has  been  hypothesized  to  be  essential  for  maintaining  the 
AhR  complex  in  a  conformation  able  to  ligand.  When  the  AhR  is  artificially  dissociated 
from  hsp90,  TCDD  binding  to  the  AhR  cannot  be  detected,  and  furthermore,  the  hsp90- 
dissociated  AhR  binds  DNA  constitutively  (Pongratz  et  al.,  1992).  This  would  imply  that 
the  constitutive  DNA-binding  form  of  the  AhR  complex  would  no  longer  be  responsive  to 
ligand,  and  that  IM-9  and  PJS-91  cells  may  be  refractory  to  TCDD  treatment.  A  question 
that  arises  then  is  how  a  cell  responds  to  TCDD  if  the  AhR  performs  some  essential  cellular 
function,  a  possibility  supported  by  the  severe  immune  system  impairment  in  AhR 
knockout  mice  (Fernandez-Salguero  et  al.,  1995). 

In  gel  shift  assays  with  IM-9  and  PJS-91  nuclear  extracts,  an  AhR  antibody  only 
supershifted  one  of  three  bands  that  could  be  distinguished  in  the  AhR  complex,  while  an 
ARNT  antibody  reacted  with  all  three  bands.  Neither  the  AhR  or  ARNT  bind  to  the  DRE 
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individually  (Whitelaw  et  al..  1993:  Antonsson  et  al.,  1995),  so  formation  of  a  shifted  band 
with  the  DRE  in  gel  shift  assays  requires  the  presence  of  both  these  proteins,  and 
antibodies  to  either  the  AhR  or  ARNT  would  be  expected  to  supershift  the  AhR  complex. 
Indeed,  in  cytosol  from  IM-9,  PJS-91,  and  HepG2  cells,  and  in  HepG2  nuclear  extracts, 
both  antibodies  produced  a  complete  supershift  of  the  AhR  complex.  In  IM-9  and  PJS-91 
nuclear  extracts,  the  human  B  lymphocyte  AhR  may  be  biochemically  distinct  from  the 
AhR  in  HepG2  cells,  or  alternatively,  other  as  yet  unidentified  proteins  may  associate  with 
ARNT  to  form  the  DRE-binding  complex  in  human  B  cells.  Since  the  gel  shift  assay  is 
performed  with  non-denaturing  gels,  the  mobility  of  a  proteimDNA  complex  can  be 
affected  by  charge  and  conformation,  as  well  as  molecular  size.  The  presence  of  several 
closely  migrating  shifted  bands  in  the  nuclear  AhR  complex  in  IM-9  and  PJS-91  cells  could 
be  due  to  a  different  conformation  of  the  AhR  bound  to  DNA  that  was  not  recognized 
efficiently  by  the  AhR  antibody.    UV  cross-linking  analysis,  however,  showed  the 
presence  of  an  approximate  Mr  100,000  cross-linked  protein  in  IM-9  and  PJS-91  nuclear 
extracts  that  was  not  detected  in  HepG2  nuclear  extracts.  These  results  suggested  that  the 
lack  of  supershift  with  the  AhR  antibody  was  not  due  to  an  altered  conformation  of  the 
AhR.  Moreover,  neither  AhR  nor  ARNT  antibodies  reacted  with  a  similar  Mr  protein  in 
western  blots,  although  a  Mr  of  100,000  is  close  to  the  molecular  weight  of  the  AhR  in 
these  experiments.  The  lack  of  reactivity  of  AhR  or  ARNT  antibodies  on  western  blots 
suggested  that  the  unique  form  of  the  AhR  complex  in  IM-9  and  PJS-91  nuclear  extracts 
was  not  the  result  of  an  altered  conformation  or  post-translational  modfication  of  the  AhR. 
These  data  further  suggested  that  the  unique  cross-linked  protein  in  IM-9  and  PJS-91 
nuclear  extracts  corresponded  to  one  of  the  bands  present  in  the  AhR  complex  in  gel  shift 
assays  that  was  not  recognized  by  the  AhR  antibody.   It  is  unlikely  that  the  Mr  100,000 
cross-linked  band  represents  a  cleaved  or  alternatively  spliced  AhR  protein.  Since  the  AhR 
antibody  used  in  these  studies  was  made  against  the  N-terminus  of  the  AhR,  any  truncation 
or  deletion  outside  of  this  region  would  result  in  an  AhR  protein  that  should  still  be 
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recognized  efficiently  by  the  antibody  on  western  blots.  If,  on  the  other  hand,  the  N- 
terminus  was  deleted,  the  AhR  would  no  longer  be  able  bind  to  DNA,  as  the  DNA  binding 
domain  is  contained  in  this  region.  An  AhR  missing  the  N-terminal  DNA-binding  domain 
could  still  be  detected  in  gel  shift  assays,  simply  by  association  with  ARNT,  however; 
covalent  cross-linking  to  the  DRE  would  be  very  unlikely.  Other  laboratories  have  reported 
distinct  DNA-binding  forms  of  the  AhR  complex  (Swanson  et  al.,  1993;  Chan  et  al.,  1994; 
Bank  et  al.,  1995;  Perdew  and  Hollenback,  1995),  or  nuclear  proteins  cross-linked  to  a 
DRE  oligonucleotide  in  addition  to  (those  concluded  to  be)  the  AhR  or  ARNT  (Elferink  et 
al.,  1990;  Swanson  et  al.,  1993),  although  there  has  yet  to  be  an  identification  of  their 
composition.  The  results  presented  here  demonstrated  that  the  AhR  complex  in  IM-9  and 
PJS-91  human  B  lymphocyte  cell  lines  contained  a  protein  that  most  likely  is  not  either 
AhR  or  ARNT.  In  line  with  these  observations,  a  108  kDa  protein  from  untreated  rat 
hepatic  cytosol  (Henry  et  al.,  1994),  and  a  95  kDa  protein  from  untreated  Hepa-1  cytosol 
and  nuclear  extracts  (Carrier  et  al„  1994)  were  recently  purified  by  DNA-affinity 
chromatography  with  a  DRE-containing  oligonucleotide. 

In  summary,  CYP1A1  was  inducible  by  TCDD  in  PJS-91  cells,  but  not  in  IM-9 
cells,  and  at  lower  levels  than  in  HepG2  cells.  IM-9  and  PJS-91  cells  both  expressed  the 
AhR  complex  which  was  functional  with  respect  to  DNA-binding  activity.  These  studies 
also  present  evidence  for  a  distinct  DNA-binding  form  of  the  nuclear  AhR  complex  in  IM-9 
and  PJS-91  cells,  yet  the  cytosolic  AhR  complex  was  indistinguishable  from  the  AhR 
complex  in  HepG2  cells. 
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Figure  6-1.  Northern  blot  analysis  of  AhR  and  ARNT  mRNA  transcripts  in  IM-9  PJS- 
91,  and  HepG2  cells.  Cells  were  treated  with  0.1%  DMSO  (-)  or  25  nM  TCDD  (+)  for  48 
hr.  Northern  blots  of  poly(A)+  RNA  from  each  cell  line  were  probed  successively  with 
human  AhR,  ARNT,  and  p-actin  cDNAs.  The  calculated  size  of  mRNA  transcripts  based 
on  RNA  markers  run  on  the  same  gel  is  indicated  beside  each  band. 
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Figure  6-3  Western  blot  of  CYP1A1  expression.  IM-9,  PJS-91,  and  HepG2  cells  were 
treated  with  the  indicated  concentrations  of  TCDD,  or  25  nM  TCDD  +  1  uM  3'-methoxy- 
4'-nitroflavone  (MNF)  for  48  hr  and  cell  lysates  prepared  for  analysis  by  SDS-PAGE  and 
Wf  SS  ^.?ttlng-  Each  lane  contains  50  Hg  of  NP-40  cell  lysate.  The  blot  was  stained  with 
a  1:500  dilution  of  polyclonal  anti-rat  CYP1A1.  Only  the  portion  of  the  blot  with  the 
le£l?£  'Merest  is  shown.  The  arrow  denotes  the  position  of  the  specifically  stained  Mr 
50,000  band  detected  by  the  CYP1A1  antibody.  The  position  of  molecular  weight  markers 
is  indicated  on  the  left. 
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Figure  6-4.  TCDD-dependent  induction  of  CYP1A1  mRNA  in  PJS-91  cells.  (A)  PJS-91 
cells  were  treated  with  the  indicated  concentrations  of  TCDD  for  48  hr  (left  panel)  or  with 
25  nM  TCDD  for  the  indicated  time  periods  (right  panel).  Northern  blots  of  poly(A)+ 
RNA  were  probed  with  a  human  CYP1A1  cDNA,  stripped,  and  reprobed  with  a  (5-actin 
cDNA.  (B).  Quantitation  of  CYP1 A 1  mRNA  induction.  CYP1A1  mRNA  levels  were 
quantitated  and  normalized  to  p-actin  mRNA  levels  in  the  same  lane.  The  values  are  the 
mean  of  two  independent  experiments  as  shown  in  (A)  and  are  expressed  as  the  fold 
increase  in  CYP1A1  mRNA  in  TCDD-treated  cells  relative  to  untreated  cells. 
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Figure  6-7.  TCDD  and  salt  concentration  dependency  of  AhR:DRE  binding.  (A)  PJS-91 
and  HepG2  cells  were  treated  with  the  indicated  concentrations  of  TCDD  for  2  hr  and 
nuclear  extracts  prepared  for  analysis  by  gel  shift  assay.  The  results  shown  are  from  one 
representative  experiment.  The  values  represent  the  mean  of  duplicate  samples  run  on  the 
same  gel  and  are  expressed  as  the  percentage  of  maximal  DRE  bound  at  each  TCDD 
concentration  for  the  two  cell  lines  separately.  The  maximal  amount  of  DRE  bound  in  PJS- 
91  and  HepG2  nuclear  extracts  was  86  and  16  fmol/mg,  respectively.  (B)  IM-9  PJS-91 
and  HepG2  cells  were  treated  with  25  nM  TCDD  for  2  hr  and  nuclear  extracts  prepared  for 
analysis  by  the  gel  shift  assay.  The  gel  shift  binding  reaction  contained  the  indicated 
concentrations  of  KCI  and  the  reactions  were  electrophoresed  on  low  ionic  strength  gels 
(0.25X  TBE=22.5  mM  Tris-borate).  The  results  shown  are  from  one  experiment  The 
values  are  expressed  as  the  percentage  of  maximal  DRE  bound  at  each  KCI  concentration 
for  each  cell  line  individually. 


Figure  6-8.  UV-induced  cross-linking  of  nuclear  proteins  to  the  BrdUTP-substituted  DRE 
oligonucleotide  in  solution.  Gel  shift  binding  reactions  (scaled  up  ten-fold)  were  irradiated 
on  ice  for  45  min,  SDS-PAGE  sample  buffer  was  added,  and  the  reactions  were  boiled  for 
5  min.  Each  reaction  was  split  in  two  and  subjected  to  SDS-PAGE  and  western  blotting. 
The  blots  were  immunostained  with  a  1 :500  dilution  of  AhR  antibody  (center  panel)  or  a 
1:2000  dilution  of  ARNT  antibody  (lower  panel)  and  then  exposed  to  X-ray  film.  Top 
panel,  autoradiograph  of  western  blot;  center  panel,  anti-AhR  immunoblot;  bottom  panel; 
anti-ARNT  immunoblot.  Only  the  portion  of  the  blot  containing  specifically  cross-linked 
bands  is  shown.  The  arrows  denote  the  specifically  cross-linked  bands  or  the  stained  band 
detected  by  each  antibody.  The  position  of  molecular  weight  markers  is  indicated  on  the 
left. 
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CHAPTER 7 

TCDD  RESPONSIVENESS  IN  HUMAN  B  LYMPHOCYTE  CELL  LINES-  EFFECT  OF 

TCDD  ON  PROLIFERATION,  IMMUNOGLOBULIN  PRODUCTION  AND  CD19 

EXPRESSION 


Introduction 

TCDD  is  the  most  potent  member  of  a  large  and  diverse  group  of  compounds 
referred  to  as  halogenated  aromatic  hydrocarbons  (HAHs),  which  include  polychlorinated 
dibenzodioxins  (PCDDs),  polychlorinated  dibenzofurans  (PCDFs),  and  polychlorinated 
biphenyls  (PCBs).  The  estimated  background  human  exposure  to  PCDDs  and  PCDFs  is 
1-3  pg/kg/day  and  the  half-life  of  TCDD  in  humans  is  5-10  years  in  humans  (Vanden 
Heuvel  and  Lucier,  1993).   In  view  of  this,  the  possibility  exists  for  cumulative  adverse 
human  health  effects  to  occur  at  background  exposure  levels.  The  humoral  immunotoxicity 
of  TCDD  has  been  demonstrated  to  be  a  sensitive  endpoint  of  TCDD  exposure  in  laboratory 
animals.    In  mice,  TCDD      ministration  results  in  decreased  antibody  responses  to  T- 
independent  and  T-dependei  .  antigens  (Vecchi  et  al.,  1980;  Tucker  et  al.,  1986;  Dooley 
and  Holsapple,  1988;  House  et  al.,  1990;  Kerkvliet  et  al.,  1990;  Harper  et  al.,  1994). 
Furthermore,  TCDD  added  to  murine  and  human  B  lymphocyte  cultures  inhibits  mitogen- 
stimulated  differentiation  into  immunoglobulin-producing  cells  (Luster  et  al.,  1988;  Wood 
and  Holsapple,  1993;  Wood  et  al.,  1993).  Thus,  present  evidence  supports  the  hypothesis 
that  TCDD  is  capable  of  directly  affecting  B  cells,  and  strongly  suggests  that  an  alteration  in 
B  cell  differentiation  may  be  responsible  for  the  TCDD-mediated  suppression  of  antibody 
responses.   In  fact,  a  decrease  in  the  percentage  of  B  cells  in  peripheral  blood  has  been 
reported  in  chemical  plant  workers  exposed  to  PCDDs  and  PCDFs  (Neubert  et  al.,  1993) 
and  infants  born  to  mothers  with  moderate  body  burdens  of  PCDDs  and  PCBs  (Weisglas- 
Kuperus  et  al.,  1995). 
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Evidence  supports  a  role  for  the  AhR  in  the  humoral  immunotoxicity  of  TCDD 
(Holsapple  et  al.,  1991;  Kerkvliet  and  Burleson,  1994,  and  references  therein).  Attempts 
to  examine  the  effect  of  TCDD  on  specific  gene  expression  or  the  molecular  mechanism  of 
decreased  immunoglobulin  production  in  a  purified  B  cell  population  have  yet  to  be 
undertaken.  However,  the  lymphocyte  stem  cell-specific  genes  terminal  deoxynucleotide 
transferase  and  recombinase  activating  gene-1  were  found  to  be  decreased  in  TCDD-treated 
mice  (Frazier  et  al.,  1994;  Silverstone  et  al.,  1994).  The  AhR  is  present  in  human  B 
lymphocytes  (Lorenzen  and  Okey,  1991;  Waithe  et  al.,  1991),  and  studies  aimed  at 
identifying  potential  target  genes  regulated  by  TCDD  in  B  cells  will  prove  useful  in 
determining  the  mechanism  of  TCDD-mediated  humoral  immunosuppression. 

The  objective  of  these  studies  was  to  explore  the  use  of  human  B  cell  lines  as  a 
model  system  to  evaluate  the  effects  of  TCDD  on  various  responses  in  a  purified  human  B 
cell  population.  The  endpoints  evaluated  were  cell  proliferation,  immunoglobulin 
production,  and  gene  expression.  It  was  previously  demonstrated  that  the  DNA-binding 
form  of  the  AhR  was  expressed  in  the  IM-9  and  PJS-91  human  B  lymphocyte  cell  lines 
(Chapter  6).  The  results  presented  in  this  Chapter  show  that  TCDD  did  not  affect 
proliferation  and  immunoglobulin  production  in  IM-9  and  PJS-91  cells.  TCDD  treatment 
altered  CD  19  gene  expression  in  these  cells,  and  in  gel  shift  assays,  the  AhR  complex 
recognized  a  DNA  binding  site  for  the  B  cell  transcription  factor  BSAP  in  the  promoter 
region  of  the  human  CD  19  gene. 

Results 

Effect  of  TCDD  on  Spontaneous  Cell  Proliferation  and  Immunoglobulin  Production  in 
IM-9  and  PJS-91  Oik 

Cell  proliferation  in  IM-9  and  PJS-91  cells  was  evaluated  in  the  absence  or  presence 
of  serum,  and  with  varying  concentrations  of  TCDD  at  24,  48,  and  72  hr  using  a 
[3H]thymidine  incorporation  assay  (Fig.  7-1  A  and  B).     The  results  of  a  single 
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representative  experiment  are  shown  to  highlight  the  difference  in  growth  rate  and  serum- 
requirements  between  the  two  cell  lines.  IM-9  cells  continued  to  proliferate  in  serum-free 
medium  even  after  three  days,  although  thymidine  incorporation  decreased  throughout  the 
time  period  (Fig.  7-1  A,  upper  panel).   In  contrast,  PJS-91  cells  maintained  only  a  very 
low  rate  of  thymidine  incorporation  in  the  absence  of  serum  which  was  constant  during  the 
three  day  culture  period  (Fig.  7- 1  B,  upper  panel).  The  level  of  thymidine  incorporation  in 
serum-free  medium  in  PJS-91  cells  was  10-20  fold  lower  than  that  seen  in  IM-9  cells.  In 
serum-containing  medium,  thymidine  incorporation  in  both  cell  lines  increased  with  time  in 
culture  and  the  was  5-fold  less  than  in  PJS-91  cells  compared  to  IM-9  cells  at  all  time 
points.  Maximal  thymidine  incorporation  in  PJS-91  cells  in  the  presence  of  serum  was 
only  marginally  greater  than  that  of  IM-9  cells  in  the  absence  of  serum  (compare  Fig.  7-1 
B,  lower  panel,  with  Fig.  7-1  A,  upper  panel).  TCDD  treatment  did  not  significantly  alter 
either  IM-9  or  PJS-91  cell  proliferation  in  serum-containing  medium  at  any  of  the  three  time 
points.  In  serum-free  medium,  there  were  no  significant  concentration-related  effects  of 
TCDD  on  thymidine  incorporation  in  IM-9  and  PJS-9 1  cells  at  any  of  the  three  time  points. 
Although  IM-9  cells  were  more  proliferative  than  PJS-91  cells,  IgG  secretion  was 
lower  (3-10-fold)  in  IM-9  cells  than  in  PJS-91  cells  in  all  but  one  experiment.  TCDD  did 
not  significantly  alter  the  level  of  secreted  IgG  after  48  hr  in  culture  in  either  cell  line  (Fig. 
7-2).  Assay  of  24  hr  culture  supernatants  also  showed  no  change  in  secreted  IgG  in  either 
cell  line  (data  not  shown).  When  IM-9  and  PJS-91  cells  were  cultured  with  TCDD  and 
then  reseeded  at  the  same  density  for  a  shorter  time  period  (6  hr)  in  fresh  media,  there  was 
likewise  no  change  in  the  level  of  secreted  IgG  (data  not  shown).   Thus,  under  several 
conditions  (time  in  culture,  low  and  high  level  of  IgG  production),  TCDD  did  not  alter  IgG 
production  by  IM-9  and  PJS-91  cells. 
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Reeulation  of  Gene  Expression  in  B  Lymphocytes  bv  TCDD:  Approach 

Some  of  the  adverse  effects  of  TCDD    have  been  postulated  to  result  from  a 
disruption  of  growth  regulatory  networks  leading  to  an  altered  patterning  of  cell  growth 
and/or  differentiation.   In  B  cells,  TCDD  inhibits  mitogen-stimulated  differentiation  as 
measured  by  induction  of  immunoglobulin  secretion  (Luster  et  al.,  1988;  Wood  and 
Holsapple,  1993;  Wood  et  al.,  1993).  This  could  be  a  direct  effect  on  immunoglobulin 
gene  transcription  or  the  cellular  events  leading  to  differentiation.    In  either  case, 
interference  by  the  TCDD-activated  AhR  complex  with  the  activity  of  transcription  factors 
involved  in  these  processes  could  be  a  possible  mechanism.  The  defined  consensus  DNA 
binding  sequence  for  the  AhR  is  TNGCGTG  (Whitlock,  1993).  This  sequence  is  similar 
but  not  identical  to  the  consensus  recognition  sequence,  CANNTG,  for  other  helix-loop- 
helix  transcription  factors,  e.g.  c-Myc,  MyoD,  and  the  E2A  gene  products  E12  and  E47 
(Kadesch,  1993).  Although  the  consensus  DRE  sequence  would  be  expected  to  occur  by 
chance  once  in  every  thousand  base  pairs,  and  base  pairs  outside  the  consensus  sequence 
are  important  for  AhR  binding  (Shen  and  Whitlock,  1992;  Yao  and  Denison,  1992;  Lusska 
et  al.,  1993),  there  may  be  AhR  binding  sites  throughout  the  genome  which  would  allow 
transcriptional  regulation  by  TCDD  of  other  gene  products  besides  those  previously 
identified.    Transcription  factors  usually  have  functionally  distinct  DNA-binding  and 
transactivation  domains,  such  that  DNA-binding  alone  is  not  sufficient  to  activate 
transcription.  For  example,  transcriptional  activation  depends  on  the  proper  interactions 
between  transcription  factors,  auxilary  regulatory  factors,  and  the  basal  transcriptional 
machinery  (Tijan  and  Maniatis,  1994).  It  is  possible  that  a  protein  could  bind  DNA  and  yet 
be  incapable  of  directly  modulating  transcription.   The  AhR  and  ARNT  both  contain  a 
DNA-binding  domain  and  potent  transactivation  domains  (Jain  et  al.,  1994;  Li  et  al.,  1994; 
Whitelaw  et  al.,  1994;  Ma  et  al.,  1995),  yet  only  one  intact  transactivation  domain  (either 
AhR  or  ARNT)  is  required  for  efficent  stimulation  of  gene  transcription  (Whitelaw  et  al., 
1994).  In  fact,  the  strength  of  transcriptional  activation  by  the  individual  components  of 
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the  AhR  complex  may  vary  in  different  cell  types  and  with  different  genes  (Whitelaw  et  al., 
1994). 

My  hypothesis  was  that  if  DRE-like  sequences  capable  of  binding  the  AhR  complex 
occurred  in  proximity  to  binding  sites  for  other  transcription  factors,  then  the  AhR  could 
interfere  with  transcriptional  activation  simply  by  occupying  a  binding  site  on  DNA. 
Competition  among  transcription  factors  for  adjacent  or  overlapping  DNA  binding  sites  has 
been  documented.  One  notable  example  is  the  interaction  between  certain  nuclear  hormone 
receptors  (i.e.  glucocorticoid)  and  the  transcription  factor  AP-1  (see  Pfahl,  1993  for 
review).    To  identify  potential  gene  targets  for  TCDD  in  B  cells,  published  data  was 
searched  for  the  presence  of  DRE-like  sequences  occurring  within  or  near  previously 
identified  DNA  binding  sites  for  other  transcription  factors  in  the  upstream  regions  of  genes 
important  in  B  lymphocyte  function.  This  approach  identified  a  subset  of  DNA  binding 
sites  for  the  transcription  factor  B  cell  lineage-specific  activator  protein  (BSAP)  which 
resembled  the  consensus  binding  site  of  the  AhR  (Czerny  et  al.,  1993).  BSAP  expression 
is  essential  for  B  lymphocyte  development  (Urbanek  et  al.,  1994),  and  DNA  binding  sites 
for  BSAP  occur  in  regulatory  regions  of  the  immunoglobulin  heavy  chain  gene  locus  and 
other  genes  expressed  specifically  in  B  lymphocytes  (Waters  et  al.,  1989;  Kozmik  et  al., 
1992;  Liao  et  al.,  1992;  Singh  and  Birshtein,  1993;  Liao  et  al.,  1994;  Zwollo  and 
Desiderio,  1994).  Although  the  twelve  known  BSAP  binding  sites  were  somewhat  large 
and  heterogenous  in  sequence,  some  of  these  sequences  contain  the  consensus  binding  site 
for  the  AhR  but  differed  in  the  flanking  sequences.    The  proposed  consensus  DNA 
recognition  sequence  for  BSAP  is  S'G/ANGCANTG/CAA/TGjCGTG/AA/CC-S'  (Czerny 
and  Busslinger,  1995).   The  underlined  nucleotides  also  conform  to  the  consensus  AhR 
"core"  binding  site  (DRE)  (Whitlock,  1993),  and  as  shown  in  Fig.  7-3,  two  BSAP  binding 
sites  contain  the  GCGTG  core  sequence.  The  CD19-2  sequence  is  approximately  100  base 
pairs  upstream  from  the  transcription  start  site  in  the  human  CD19  gene  (Kozmik  et  al., 
1992),  and  the  5'Sy2a  sequence  is  ~2  kb  upstream  of  a  switch  region  5'  to  the  y2a  constant 
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region  in  the  mouse  immunoglobulin  heavy  chain  gene  cluster  (Liao  et  al.,  1992). 

Attention  was  focused  on  the  CD  19  gene  since  the  Y2a  constant  region  is  not  in  the  human 

immunoglobulin  heavy  chain  gene  locus  and  evidence  supports  a  role  for  BSAP  in  the 

regulation  of  CD19  gene  expression  (Kozmik  et  al.,  1992;  Urbanek  et  al.,  1994).  CD19  is 

a  B  cell  restricted  signal-transducing  protein  expressed  from  the  earliest  stages  of  B  cell 

development,  but  lost  upon  differentiation  into  plasma  cells  (Tedder  et  al.,  1994).    A 

diagram  of  the  promoter  and  5'  flanking  region  of  the  human  CD  19  gene  is  shown  in  Fig. 

7-4.  Spl  is  the  only  other  regulatory  factor  in  addition  to  BSAP  that  has  been  reported  to 

bind  in  this  region  (Kehrl  et  al.,  1994).  The  CD19  promoter  region  also  contains  several 

other  sequences  with  homology  to  consensus  binding  sites  for  known  transcription  factors 

(Fig.  7-4).  There  are  three  other  DRE-like  sequences  in  this  region  which  is  5-fold  greater 

than  would  be  expected  to  occur  by  chance.   Interestingly,  there  are  also  two  DRE-like 

sequences  in  the  fourth  intron  of  the  human  CD  19  gene  which  map  close  to  three  additional 

BSAP  binding  sites,  although  the  exact  position  of  the  BSAP  binding  sites  has  not  been 

reported.  We  hypothesized  that  binding  of  the  AhR  to  the  DRE-like  sequence  contained  in 

the  BSAP  binding  site  in  the  CD19  promoter  region  could  interfere  with  transcription  by 

competing  with  BSAP  for  binding  to  this  site. 

Effect  of  TCDD  on  Steady  State  Levels  of  CD  19  mRNA  in  IM-9  and  P.TS-91  Tplk 

Initial  experiments  demonstrated  that  a  1.9  kb  CD19  mRNA  transcript  was  detected 
in  the  IM-9  human  B  lymphoblast  cell  line  by  Northern  blot  analysis  (Fig.  7-5).  This  is  the 
appropriate  size  for  a  message  encoding  the  540  amino  acid  CD  19  protein  and  is  in  close 
agreement  with  the  2.4  kb  transcripts  detected  in  other  B  cell  lines  (Stamenkovic  and  Seed, 
1988;  Tedder  and  Isaacs,  1989).  In  TCDD-treated  IM-9  cells,  the  steady  state  level  of 
CD  19  mRNA  was  decreased  by  67%  relative  to  cells  treated  with  vehicle  alone,  while  fj- 
actin  mRNA  levels  were  unchanged  (Fig.7-5). 
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Based  on  these  results,  concentration-response  experiments  were  performed  with 
both  IM-9  and  PJS-91  cells.  A  representative  experiment  (  Fig.  7-6  A)  showed  that  CD19 
mRNA  levels  were  considerably  higher  in  PJS-91  cells  compared  to  IM-9  cells.  In  IM-9 
cells,  CD  19  mRNA  levels  were  decreased  by  TCDD  treatment  in  a  concentration-dependent 
manner  with  a  maximal  decrease  of  approximately  50%  at  a  TCDD  concentation  of  25  nM 
(Fig.  7-6  B).  CD  19  mRNA  levels  in  PJS-91  cells  were  increased  at  low  concentrations  of 
TCDD  and  declined  to  control  values  at  the  highest  TCDD  concentration  tested  (Fig.  7-6 
B).  The  TCDD-associated  changes  in  CD  19  mRNA  levels  were  concentration-related  in 
both  IM-9  and  PJS-91  cells,  however;  this  effect  was  not  statistically  significant. 

Neither  the  AhR  nor  ARNT  bind  to  the  DRE  individually  (Antonsson  et  al.,  1995). 
ARNT  is  capable  of  forming  homodimers  and  binding  to  and  activating  transcription 
through  a  DNA  sequence  different  from  the  DRE,  while  there  is  no  evidence  that  the  AhR 
is  capable  of  either  (Antonsson  et  al„  1995;  Sogawa  et  al.,  1995).  The  ARNT  homodimer 
binds  the  E  box  motif,  CACGTG,  the  same  DNA  binding  site  recognized  by  class  B  helix- 
loop-helix  proteins,  exemplified  by  the  transcription  factors  upstream  stimulatory  factor  and 
c-myc.  A  search  of  the  upstream  region  of  the  human  c-myc  gene  revealed  the  presence  of 
several  DRE-like  sequences  as  well  as  a  perfect  match  to  a  class  B  E  box.  This  led  to  an 
examination  of  the  effect  of  TCDD  on  c-myc  gene  expression  in  IM-9  and  PJS-91  cells.  A 
time  course  experiment  showed  that  c-myc  mRNA  levels  were  upregulated  during  culture 
(6-48  hr)  but  had  began  to  decline  at  72  hr  (data  not  shown).  TCDD  treatment  increased 
steady-state  levels  of  c-myc  mRNA  at  48  hr  in  both  IM-9  and  PJS-91  cells  (Fig.  7-6  A). 
Quantitation  of  c-myc  mRNA  levels  in  TCDD-response  experiments,  however,  revealed  no 
significant  effects  on  c-Myc  mRNA  levels  (Fig.  7-6  B). 

Flow  Cytometric  Analysis  of  CDI9  Expression  in  IM-9  and  PJS-91  Cells 

Immunofluorescence  staining  with  a  CD  19  antibody  and  subsequent  analysis  by 
flow  cytometry  was  performed  to  determine  the  effect  of  TCDD  on  CD  19  protein 
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expression  in  IM-9  and  PJS-91  cells.  CD19  is  a  B  lymphocyte-specific  surface  antigen, 
and  is  expressed  throughout  B  cell  differentiation  until  the  plasma  cell  stage,  where  CD  19 
is  no  longer  expressed  (Tedder  et  al.,  1994).  In  initial  experiments,  less  than  10%  of  IM-9 
cells  stained  positive  for  CD  1 9.  This  is  in  contrast  to  PJS-9 1  cells  which  were  greater  than 
98%  CD  19+  the  expected  result  for  CD  19  expression  in  a  B  cell  line.  It  was  observed  that 
during  continuous  culture,  a  subpopulation  of  PJS-91  cells  loses  CD19  expression  and 
eventually,  can  become  CD  19"  if  subcultured  too  frequently  (data  not  shown).  The  fact 
that  only  a  small  percentage  of  IM-9  cells  expressed  CD19  correlated  with  the  very  low 
CD19  mRNA  levels  relative  to  PJS-91  cells,  and  the  low  level  of  CD19  expression  in  IM-9 
ceils  prevented  any  accurate  quantitative  analysis  of  the  intensity  of  CD19  antibody  staining 
by  flow  cytometry.  It  was  susequently  found  that  early  passage  IM-9  cells  (in  continuous 
culture  less  than  six  months)  did  express  high  levels  of  CD19  comparable  to  PJS-91  cells 
and  were  greater  than  98%  CD19+.  From  this  point,  experiments  were  conducted  using 
IM-9  and  PJS-91  cells  started  from  original  stock  cultures.  Fig.  7-7  A  shows  that  IM-9 
and  PJS-91  cells  were  clearly  distinguishable  with  respect  to  light  scatter  characteristics. 
Forward  light  scatter  is  an  indicator  of  cell  size  and  side  light  scatter  indicates  cellular 
complexity  and  granularity.  IM-9  cells  appeared  as  a  relatively  homogenous  population 
with  only  a  small  range  of  variability  in  both  forward  and  side  light  scatter.  PJS-91  cells, 
on  the  other  hand,  were  a  much  more  heterogenous  cell  population,  particularly  with 
respect  to  side  light  scatter,  consistent  with  the  polyclonal  origin  of  the  PJS-91  cell  line. 
Increasing  cellular  size  (forward  light  scatter)  and  granularity  (side  light  scatter)  are 
associated  with  differentiation  to  a  plasma  cell  phenotype.  TCDD  treatment  did  not  lead  to 
any  alteration  in  light  scatter  characteristics  in  either  IM-9  or  PJS-9 1  cells  (Fig.  7-7  A).  In 
Fig.  7-7  B,  IM-9  and  PJS-91  cells  exhibited  similar  levels  of  CD19  expression  as 
measured  by  the  CD  19  fluorescence  intensity.  The  CD  19  mean  fluorescence  intensity 
(MFI)  is  proportional  to  the  number  of  CD  19  molecules  present  on  the  cell  surface.  The 
CD19  fluorescence  intensity  correlates  well  with  the  light  scatter  characteristics  in  the  two 


130 


cell  lines.   PJS-91  cells,  which  were  more  heterogenous  than  IM-9  cells  with  respect  to 
light  scatter  also  had  a  wider  ranger  of  CD19  fluorescence  intensity.  It  can  be  clearly  seen 
that  the  wider  range  of  CD  1 9  fluorescence  in  PJS-9 1  cells  is  a  result  of  a  lower  rather  than 
a  higher  level  of  CD  19  expression  on  a  subpopulation  of  cells.  Since  side  light  scatter  was 
more  variable  in  PJS-91  cells  than  forward  light  scatter  relative  to  IM-9  cells,  the  lower 
level  of  CD  19  intensity  may  be  attributed  to  the  subpopulation  of  cells  with  increased 
cellular  granularity.  This  correlation  was  not  exact,  as  cells  with  a  higher  side  scatter  did 
not  exclusively  have  lower  levels  of  CD19  staining,  but  the  lower  CD19  intensity  did  result 
primarily  from  this  population  of  cells  (data  not  shown).  This  is  reasonable  if,  in  fact,  the 
subpopulation  of  cells  with  higher  side  scatter  represent  a  more  differentiated  phenotype 
since  CD  19  is  not  expressed  in  plasma  cells.  As  stated  earlier,  both  cell  lines  were  greater 
than  98%  CD19+.  and  the  percentage  of  cells  expressing  CD19  was  not  affected  by  TCDD 
treatment.  To  determine  the  effect  of  TCDD  on  CDI9  expression,  concentration-response 
experiments  were  performed  and  CD  19  expression  at  72  hr  was  analyzed.     The 
measurements  used  for  quantitation  were  the  MFI  ratio  and  the  percentage  of  cells  with  a 
CD  19  MFI  less  than  100.  The  MFI  ratio  is  the  ratio  of  the  MFI  obtained  with  the  CD  19 
antibody  to  the  MFI  obtained  with  the  isotype-matched  negative  control  antibody,  and  is  a 
reliable  and  reproducible  measure  of  fluoresecence  intensity.  The  percentage  of  cells  with  a 
CD  19  MFI  less  than  100  was  used  to  disinguish  any  potential  effects  of  TCDD  treatment  in 
high  and  low  CD19-expressing  cells  since  a  CD19  MFI  of  100  approximated  the  borderline 
between  the  higher  and  lower  level  of  CD19  expression  in  PJS-91  cells.   The  results  of 
these  measurements  obtained  in  concentration-response  experiments  are  shown  in  Fig.  7-8. 
Although  in  some  experiments  (i.e.  Fig.  7-7  B)  TCDD  appeared  to  increase  the  CD19  MFI, 
and  decrease  the  percentage  of  cells  with  a  CD19  MFI  less  than  100,  there  was  no  clear  or 
significant  effect  of  TCDD  on  either  parameter  in  IM-9  and  PJS-91  cells  (Fig.  7-8). 
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Oligonucleotides  Corresponding  to  BSAP  Binding  Sites  Compete  with  the  PYPl  A  I  DRE 
for  Binding  to  the  Nuclenr  AhR  Complex 

In  a  different  approach,  gel  shift  assays  were  used  to  determine  if  the  AhR  was  able 
to  recognize  a  BSAP  binding  site  in  the  human  CD19  gene  promoter  (CD19-2,  Fig.  7-3). 
Nuclear  extracts  were  prepared  from  TCDD-treated  cells  and  assayed  by  gel  shift  using  the 
CYP1A1  DRE  probe.    In  a  competitive  gel  shift  assay,  increasing  concentrations  of 
unlabeled  CD  19-2  competed  with  the  labeled  DRE  probe  for  binding  to  the  AhR  complex  in 
IM-9,  PJS-91  and  HepG2  nuclear  extracts  (Fig.  7-9).  Another  oligonucleotide  containing 
a  BSAP  binding  site  (5'Sy2a,  Fig.  7-3)  also  competed  with  the  CYP1A1  DRE  for  binding 
to  the  AhR  over  a  similar  concentration  range  (Fig.  7-19).   The  mutant  CYP1A1  DRE 
competed  only  slightly  at  the  highest  concentrations  which  is  consistent  with  the  importance 
of  the  intact  GCGTG  core  sequence  for  AhR  binding  (data  not  shown).  The  amount  of 
AhR:DRE  complex  was  quantitated  at  each  competitor  concentration  and  calculated  as  the 
percentage  of  maximal  DRE  bound.   These  values  were  plotted  against  the  competitor 
oligonucleotide  concentration  and  the  curves  generated  for  IM-9  nuclear  extracts  (from  Fig. 
7-19)  are  shown  in  Fig.  7-10.   Analysis  of  the  competition  curves  yielded  estimates  of 
IC50  values  of  0.8,  124,  and  48  nM  for  the  DRE,  CD  19-2,  and  5'Sy2a  oligonucleotides, 
respectively.   Non-specific  competitor  oligonucleotides  containing  a  binding  site  for  the 
Spl  transcription  factor  or  an  octamer  motif  did  not  compete  at  a  concentration  of  600  nM 
in  IM-9,  PJS-9 1  or  HepG2  nuclear  extracts,  further  indicating  that  this  competition  was  not 
likely  due  to  a  large  excess  of  DNA  in  the  binding  reaction  (data  not  shown).  Table  7-1 
summarizes  the  results  of  competition  experiments  with  IM-9,  PJS-91  and  HepG2  nuclear 
extracts.    The  IC50  for  the  CYP1A1  DRE  was  approximately  1  nM  consistent  with 
previous  observations  with  the  murine  and  rat  AhR  (Denison  and  Yao,  1991;  Shen  and 
Whitlock,  1992;  Lusska  et  al.,  1993).    The  CYP1A1  DRE  IC50  was  not  significantly 
different  between  IM-9,  PJS-91,  and  HepG2  cells.    The  IC50  for  the  self-competitor 
approximates  the  value  for  Kd,  while  the  ratio  of  the  IC50  for  a  non-self  competitor  to  the 
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self-competitor  measures  the  relative  affinity  of  the  oligonucleotide.  The  results  for  the 
CD19-2  and  5'Sy2a  oligonucleotides  are  expressed  as  the  relative  affinity,  i.e.  the  affinity 
for  the  AhR  complex  relative  to  the  CYP1A1  DRE.  The  CD  19-2  and  5'Sy2a 
oligonucleotides  had  an  affinity  for  the  AhR  complex  approximately  150-300-fold  and  65- 
120-fold  lower  than  the  CYP1A1  DRE  oligonucleotide,  respectively. 

TCDD  Does  Not  Alter  Nuclear  Proiein  Binding  to  the  CD19-2  and  VSv2a  Probes 

Since  the  CD19-2  and  5'Sy2a  oligonucleotides  competed  with  the  CYP1A1  DRE 
for  binding  to  the  AhR  complex  BSAP,  experiments  were  conducted  with  the  CDI9-2  and 
5'Sy2a  oligonucleotides  as  probes  in  gel  shift  assays.  In  IM-9  nuclear  extracts,  using  the 
CD  19-2  probe,  several  shifted  bands  were  observed,  and  all  were  specific  since  they  were 
competed  by  excess  unlabeled  CD  19-2  oligonucleotide  (Fig.  7-11).    The  two  lowest 
mobility  shifted  bands  (complex  I)  were  only  detected  on  high  ionic  strength  gels  and 
migrated  similar  to  the  AhR  complex  bound  to  the  CYP1A1  DRE  probe  (Fig.  7-12).  These 
bands  were  not  competed  by  an  excess  of  unlabeled  DRE  or  5'Sv2a  oligonucleotides.  In 
addition,  a  similar  shifted  band  was  not  detected  when  the  5'Sy2a  oligonucleotide  was  used 
as  a  probe.  Addition  of  AhR  antibody  consistently  decreased  the  intensity  of  this  complex 
in  IM-9,  PJS-91  and  HepG2  nuclear  extracts  while  normal  goat  serum  or  ARNT  antibody 
did  not  (Fig.  7-11,  and  data  not  shown).  These  observations  coupled  with  the  fact  that  this 
doublet  was  also  observed  in  nuclear  extracts  from  DMSO-treated  HepG2  cells  suggest  the 
AhR  is  not  part  of  this  complex,  although  it  is  possible  that  a  protein  immunologically 
related  to  the  AhR  may  be.   An  abundant  shifted  band  (complex  II)  migrating  halfway 
down  the  gel,  as  well  as  two  less  intense  bands  of  higher  mobility  (complex  III),  were 
detected  with  both  the  CD  19-2  and  5'Sy2a  probes  (Fig.  7-11).    All  three  shifted  bands 
were  the  only  complexes  abolished  by  excess  unlabeled  CD19-2   and  5'Sy2a 
oligonucleotides.    Complex  II  appears  to  be  a  low  affinity  ubiquitous  DNA-binding 
activity,  as  a  similar  mobility  shifted  band  was  detected  in  IM-9  and  PJS-91  nuclear 
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extracts  with  the  CYP1  Al  DRE  probe  (Chapter  6)  and  also  in  HepG2  nuclear  extracts  with 
the  CD19-2  and  5'S?2a  probes  (data  not  shown).  Complex  HI,  on  the  other  hand  was  only 
detected  in  IM-9  and  PJS-91  nuclear  extracts  and  may  correspond  to  BSAP.  BSAP  is  a  55 
kDa  protein  that  likely  binds  to  target  DNA  sequences  as  a  monomer  (Adams  et  al.,  1992; 
Czerny  et  al.,  1993),  and  migrates  with  a  relatively  high  mobility  in  gel  shift  assays  (Liao  et 
al.,  1992;  Singh  and  Birshtein,  1993;  Zwollo  and  Desiderio,  1994).  It  is  not  certain 
whether  complex  III  represents  BSAP  without  further  characterization  using  BSAP 
antibodies,  or  other  high  affinity  and  the  corresponding  mutant  BSAP  binding  sites.  There 
was  no  difference  in  the  intensity  of  the  putative  BSAP  band  between  nuclear  extracts  from 
untreated  and  TCDD-treated  IM-9  or  PIS-91  cells  (Fig.  7-1 1  and  data  not  shown). 

Discussion 

In  these  studies,  human  B  lymphocyte  cell  lines  were  investigated  for  use  as  a 
model  system  to  identify  potential  mechanisms  of  TCDD-mediated  altered  immune 
function.  The  sensitivity  of  B  lymphocyte  antibody  responses  to  TCDD  exposure 
emphasizes  the  need  to  explore  the  molecular  mechanism  of  this  effect  with  the  hope  of 
identifying  endpoints  which  will  be  useful  as  indicators  of  decreased  B  cell  function  in  the 
human  population.  Attempts  to  establish  an  effect  of  TCDD  on  any  aspect  of  immune 
function  in  exposed  human  populations  have  met  with  little  success.  In  some  cases,  no 
effects  were  observed  and  in  others,  increases  or  decreases  in  various  parameters  have  been 
observed  (Holsapple,  1991  and  references  therein).  These  findings  are  not  at  all  surprising 
since  suppression  of  immune  function  is  very  difficult  to  assess  in  humans  especially  when 
trying  to  link  immunosuppression  to  environmental  exposures.  Several  factors  account  for 
this  problem  in  addition  to  the  technical  problems  associated  with  attempting  to  measure 
immune  function  in  humans.  Among  these  are  the  wide  range  of  variability  of  what  is 
accepted  as  normal  responses  in  humans,  the  difficulty  in  determining  actual  chemical 
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exposures,  and  most  assays  (that  can  be  performed  in  humans)  do  not  necessarily  reflect  or 
directly  measure  immune  function. 

The  results  of  the  studies  presented  here  demonstrated  that  TCDD  did  not  alter 
proliferation  and  immunoglobulin  production  in  two  human  B  lymphocyte  cell  lines.  These 
cell  lines  spontaneously  proliferate  and  secrete  high  levels  of  IgG,  so  a  lack  of  effect  of 
TCDD  on  these  parameters  does  not  preclude  the  use  of  other  human  B  lymphocyte  cell 
lines  as  a  model  system.  The  lack  of  effect  of  TCDD  on  proliferation  and  immunoglobulin 
production  in  cell  lines  already  committed  to  a  high  level  of  IgG  production  is  consistent 
with  previous  observations  concluding  that  only  early  activation  events  leading  to  B  cell 
differentiation  are  affected  by  TCDD  (Luster  et  al.,  1988).    A  recent  study,  however, 
utilizing  human  and  murine  B  lymphocytes,  showed  that  TCDD  suppressed  the 
proliferation  of  low  density  cells,  presumably  activated  in  vivo,  but  not  high  density, 
resting  cells  (Morris  et  al.,  1993;  Wood  et  al.,  1993).  Thus,  it  appears  that  perhaps  only 
certain  subpopulations  of  B  lymphocytes  or  cells  at  specific  stages  of  differentiation  are 
susceptible  to  the  suppressive  effects  of  TCDD.    These  results  have  implications  for 
examining  the  effect  of  TCDD  on  human  B  cell  function.   Although  it  is  easy  to  obtain 
human  peripheral  blood  lymphocytes  (PBLs),  B  cells  only  represent  about  10%  of  PBLs. 
To  study  normal  human  B  cell  function,  cells  are  often  purified  from  tonsils,  as  this  tissue 
has  a  high  percentage  of  B  cells  (20-40%),  approaching  the  fraction  of  B  cells  in  the 
spleen.  PJS-91  cells  are  EBV-transformed  PBLs  derived  from  a  healthy  donor,  and  thus, 
represent  a  model  system  for  in  vitro  immunotoxcity  assessment  since  these  cell  lines  are 
easily  generated.  On  the  other  hand,  EBV-transformed  cell  lines  are  not  truly  representative 
of  normal  PBLs  as  only  the  small  dense  resting  B  lymphocytes  are  transformed  and 
immortalized  by  EBV  (Aman  et  al.,  1984).    But  they  are  still  polyclonal,  with  cells 
progressing  to  different  stages  of  differentiation.   Interestingly,  it  was  the  high  density 
resting  B  lymphocytes  from  human  tonsil  that  were  found  to  be  refractory  to  the  anti- 
proliferative effects  of  TCDD  (Wood  et  al.,  1993).  The  results  presented  here  demonstrate 
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the  need  to  carefully  monitor  EBV-transformed  cell  lines  when  attempting  to  use  as  a  model 
human  B  cell  system  for  assessing  responses  to  xenobiotics. 

No  other  genes  in  addition  to  those  encoding  the  drug-metabolizing  enzymes 
known  to  be  responsive  to  TCDD  have  been  identified  as  being  under  direct  transcriptional 
control  by  the  AhR  complex.  However,  it  was  recently  demonstrated  that  the  AhR 
complex  bound  in  vitro  to  one  of  several  DRE-Iike  sequences  in  the  coding  region  of  the 
human  estrogen  receptor  gene  (White  and  Gasiewicz,  1993).  This  may  have  some 
functional  significance  since  TCDD  alters  estrogen  receptor  levels  and  estrogen-dependent 
responses  in  several  models  (Safe  et  al.,  1991).  In  the  studies  presented  here,  an  effort 
was  made  to  identify  potential  gene  targets  for  TCDD  in  B  lymphocytes.  Several  DRE-like 
sequences  were  found  in  the  upstream  region  of  the  human  CD  19  gene.  One  of  these 
DREs  was  present  within  the  DNA  binding  site  for  the  transcription  factor  BSAP.  BSAP 
(also  known  as  Pax-5)  is  expressed  in  a  temporal-specific  pattern  in  the  murine  developing 
brain  and  spinal  cord,  and  the  adult  testis,  in  addition  to  cells  of  B  lymphoid  lineage 
(Adams  et  al.,  1992).  Analysis  of  the  cDNA  sequence  placed  this  protein  in  the  Pax  family 
of  proteins,  first  described  in  Drosophila.  but  also  found  in  mammals.  All  Pax  proteins 
identified  thus  far  have  important  roles  in  development  (reviewed  in  Gruss  and  Walther, 
1992;  Strachan  and  Read,  1994).  The  functional  importance  of  BSAP  was  delineated  in 
mice  with  a  homozygous  disruption  of  the  PAX-5  gene.  These  animals  did  not  develop 
mature  B  lymphocytes  and  also  had  impaired  central  nervous  system  development 
(Urbanek  et  al.,  1994).  It  is  intriguing  that  some  of  the  proposed  roles  for  BSAP  are  also 
targets  that  could  explain  many  toxic  manifestations  of  TCDD  exposure  (e.g.  teratogenicity, 
feminization  and  decreased  spermatogenesis  in  males,  as  well  as  immunosuppression). 

The  results  of  the  present  studies  demonstrated  that  TCDD  altered  CD19  mRNA 
levels  in  human  B  lymphocyte  cell  lines,  but  TCDD  treatment  did  not  lead  to  a 
corresponding  measurable  change  in  CD  19  protein  present  on  the  cell  surface  as  assessed 
by  flow  cyometry.   Apart  from  BSAP,  there  are  few  reports  on  the  regulation  of  CD19 
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expression.  InterIeukin-7  was  shown  to  upregulate  CD  19  expression  on  the  cell  surface  in 
human  B  cell  precursors  and  early  B  cell  lines  (Wolf  et  al.,  1993).  In  addition  to  the  BSAP 
binding  sites  identified  in  the  CD19  gene  (Kozraik  et  al.,  1992),  the  immediate  region 
upstream  from  the  translation  start  site  contains  sequences  with  homology  to  the  consensus 
binding  motifs  for  several  transcription  factors  (Fig.  7-4).   To  our  knowledge,  none  of 
these  sites  have  been  shown  to  be  occupied  in  vitro  or  in  vivo.  The  lack  of  effect  of  TCDD 
on  CD19  protein  expression  in  PJS-91  cells  despite  increased  mRNA  levels  may  have 
resulted  from  an  already  maximal  level  of  CD  19  protein  expression  in  PJS-91  cells.  In  the 
case  of  IM-9  cells,  flow  cytometric  analysis  of  CD  19  expression  was  performed  with  cells 
expressing  much  higher  levels  of  CD  1 9  than  when  the  effects  of  TCDD  on  CD  1 9  mRNA 
levels  were  examined.  The  TCDD-mediated  decrease  in  CD  19  mRNA  in  IM-9  cells  may 
have  occurred  as  a  result  of  the  absence  of  sufficent  positive  regulatory  factors,  consistent 
with  a  general  down-regulation  of  CD  19  gene  expression  in  IM-9  cells  at  later  stages  of 
culture.  Alternatively,  TCDD  may  have  indirectly  modulated  CD  19  mRNA  levels  in  IM-9 
cells  as  a  result  of  enhanced  progression  to  a  low  CD19-expressing  phenotype. 
Correspondingly,  CD  19  expression  may  be  increased  or  decreased  in  different 
subpopulations  of  PJS-91  cells,  which  could  account  for  the  variable  responses  to  TCDD 
treatment. 

Other  endpoints  measured  in  these  cell  lines  in  addition  to  CD  19  expression 
exhibited  some  variability  at  different  times  in  culture.  Cell  proliferation,  IgG  production, 
and  CYP1A1  expression  (Chapter  6)  in  PJS-91  cells  differed  dramatically  in  some 
experiments.  This  may  reflect  the  polyclonal  nature  of  PJS-91  cells  and  the  fact  that  the 
PJS-91  cell  line  is  a  heterogenous  cell  population.  It  is  possible  that  only  cells  at  certain 
stages  of  differentiation  respond  to  TCDD,  and  therefore  these  endpoints  will  be  affected 
by  TCDD  treatment  in  only  specific  subpopulations  of  cells,  or  when  the  cells  are  at  a 
particular  stage  of  differentiation.  The  variability  in  responsiveness  to  TCDD  does  not 
appear  to  be  a  result  of  lower  levels  of  the  AhR  complex,  since  AhR  and  ARNT  mRNA 
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levels  did  not  vary  at  different  times  during  the  course  of  these  experiments  (data  not 
shown),  nor  was  there  any  alteration  in  the  ability  of  the  AhR  complex  to  bind  DNA. 

A  consensus  functional  DRE,  T/GNGCGJGA/CG/CA,  has  been  derived  based  on 
six  DREs  present  in  the  regulatory  region  of  the  murine  CYP1A1  gene  (Lusska  et  al., 
1993).  The  AhR:ARNT  heterodimer  contacts  each  G  residue  (on  both  DNA  strands)  in  the 
CGTG  core  of  DREs  (Shen  and  Whitlock,  1989),  and  mutation  of  any  of  these  bases 
completely  abolished  binding  of  the  murine  AhR  complex  and  DRE  enhancer  function  in 
reporter  assays  (Shen  and  Whitlock,  1992).  In  contrast,  mutation  of  bases  outside  of  the 
CGTG  core  sequences  only  slightly  reduced  binding  affinity.  Mutation  of  the  conserved  T 
or  G  residues  immediately  5'  of  the  CGTG  core  sequence  abolished  enhancer  function 
without  appreciably  altering  binding  affinity,  while  mutation  of  bases  beyond  this  point  had 
no  effect  on  either  binding  affinity  or  enhancer  function  (Shen  and  Whitlock,  1992).  The 
residues  3'  of  the  CGTG  core  appear  to  be  more  important  as  mutation  of  any  of  the  three 
bases  immediately  3'  of  the  CGTG  core  lower  binding  affinity  5-10  fold,  and  also 
abolished  enhancer  function  (Shen  and  Whitlock,  1992).  Similar  results  of  relative  binding 
affinity  were  obtained  with  the  guinea  pig  cytosolic  AhR  complex  (Yao  and  Denison, 
1992).   The  present  studies  demonstrated  that  the  AhR  complex  recognized  two  BSAP 
binding  sites,  and  that  the  competition  by  oligonucleotides  containing  BSAP  binding  sites 
was  specific.     However,  the  AhR  complex  clearly  had  a  lower  affinity  for  these 
oligonucleotides  relative  to  the  CYP1  Al  DRE  and  the  in  yjyo  significance  of  such  a  low 
affinity  is  not  known.  The  CD19-2  and  5'Sy2a  oligonucleotides  sequences  differ  at  only 
two  positions  (the  third  base  from  both  the  5'  and  3'  end  of  the  CGTG  core  sequence)  that 
have  been  shown  to  be  necessary  for  the  highest  affinity  binding  of  the  AhR  complex  to 
DREs.   These  changes  alone  probaly  cannot  account  for  the  lower  affinity  of  the  AhR 
complex  for  these  sequences,  and  is  consistent  with  the  idea  that  even  though  some 
mismatches  to  the  consensus  sequence  can  be  tolerated,  it  is  not  possible  to  predict  the 
ability  of  a  protein  to  bind  DNA  based  solely  on  similarity  to  a  consensus  sequence.  It  was 
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interesting  that  the  relative  affinity  of  the  AhR  complex  for  the  CD19-2  and  5'Sy2a 
oligonucleotides,  like  the  IC50  for  the  CYP1A1  DRE,  was  slightly  higher,  albeit  not 
statistically  significant,  for  the  HepG2  AhR  complex  relative  to  the  AhR  complex  in  IM-9 
and  PJS-91  nuclear  extracts.  A  slightly  altered  DNA-binding  affinity  of  the  AhR  complex 
between  HepG2  cells  and  IM-9  and  PJS-91  cells  would  be  consistent  with  previous  results 
showing  qualitative  differences  in  the  properties  of  the  AhR  complex  in  these  cell  lines 
(Chapter  6).  There  is  presently  no  further  evidence  that  the  TCDD-dependent  alteration  of 
CD19  gene  expression  involves  an  interference  by  the  AhR  complex  with  BSAP-stimulated 
CD  19  gene  transcription. 

Although  a  ligand  for  CD  19  has  not  been  identified,  CD  19  is  tyrosine 
phosphorylated  after  ligation  of  the  B  cell  antigen  receptor  (Chalupny  et  al.,  1993),  and 
may  be  involved  in  the  subsequent  signal  transduction  (Tedder  et  al.,  1994).    CD19 
antibodies  induce  calcium  mobilization,  homotypic  adhesion,  as  well  as  inhibit  mitogen- 
stimulated  cell  proliferation  in  B  lymphocytes  (Golay  and  Crawford,  1987;  Pezzutto  et  al., 
1987;  deRie  et  al.,  1989;  Bradbury  et  al.,  1992;  Tedder  et  al.,  1994).   In  contrast,  mice 
lacking  CD  19  showed  no  alteration  in  the  ability  of  B  cells  from  these  animals  to  proliferate 
in  response  to  several  different  mitogenic  stimuli,  nor  in  other  B  cell  activation  events 
previously  shown  to  be  affected  by  antibody  ligation  of  CD19  (Rickert  et  al.,  1995).  The 
primary  defect  in  the  CD19-deficient  mice  was  a  severe  impairment  in  the  ability  to  mount 
antibody  responses  to  T  cell-dependent  antigens,  and  additionally,  to  produce  high  affinity 
antibodies  to  T-dependent  antigens  (Rickert  et  al„  1995).   Thus,  a  decrease  in  cellular 
CD19  levels  could  alter  the  B  cell  response  to  antigenic  and  mitogenic  stimulation,  events 
shown  to  be  inhibited  by  TCDD  (Luster  et  al.,  1988;  Wood  and  Holsapple,  1993;  Wood  et 
al.,  1993).   Moreover,  recent  studies  showed  that  BSAP  binding  activity  was  increased 
upon  mitogenic  stimulation  of  murine  B  cells,  and  that  BSAP  antisense  oligonucleotides 
decreased  LPS-stimulated  and  spontaneous  proliferation  in  murine  splenic  B  cells  and  a 
murine  B  lymphoma  cell  line  (Wakatsuki  et  al.,  1994). 
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In  summary,  these  results  demonstrate  that  TCDD  regulated  CD  19  gene  expression 
in  two  human  B  cell  lines,  and  that  the  AhR  complex  recognized  a  BSAP  DNA  binding  site 
in  the  CD  19  gene,  albeit  with  lower  affinity  than  the  CYP1A1  DRE.  The  CD  19  gene  is  a 
probable  target  for  BSAP  (Kozmik  et  al.,  1992;  Urbanek  et  al.,  1994) ,  yet  the  contribution 
of  the  CD19-2  BSAP  binding  site  used  in  this  study  to  BSAP-regulated  CD19  gene 
transcription  is  unknown.  The  alteration  in  CD  19  gene  expression  that  occurs  with  TCDD 
exposure  could  result  from  the  AhR  acting  to  interfere  with  the  binding  of  BSAP  to  a 
common  DNA  binding  site  in  the  CD19  promoter  region.  The  role  of  CD19  as  a  signal 
transducing  molecule  in  B  lymphocytes  suggests  that  TCDD-mediated  down  regulation  of 
CD  19  expression  may  lead  to  altered  cellular  signalling  and/or  function. 
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Table  7-1.  Summary  of  the  oligonucleotide  IC50  and  relative  affinity  values  for 
competition  with  the  CYP1  Al  DRE  for  binding  to  the  nuclear  AhR  complex  in  Bvl-9 
rJa-vl,  and  HepOz  cells. 

oligonucleotide  relative  affinity 
cell  line  C YP 1 A 1  PRE  IC50  ~         CD  19-2  5'S^2a 


m-9                      0.9+0.2  157.5+46.3  84.0±25.7 

PJS"91                     0.7+0.1  243.7+170.2  65.2±23.0 

HepG2 1.1±0.1  307.6 


113.9 


The  values  are  derived  from  competition  analysis  with  the  gel  shift  assay  as  shown  in  Fig 
I~uDa™P  aS  '"  F,g'  7"10'  The  IC5°  is  the  concentration  at  which  formation  of  the 

AhR:DRE  complex  is  50%  of  maximal  and  the  relative  affinity  is  the  ratio  of  the  competitor 
oligonucleotide  IC50  to  the  DRE  (self-competitor)  IC50  Values  represent  the  mean  +  SE  of 
three  separate  determinations  except  for  the  CD  19-2  and  5'Sy2a  oligonucleotides  with 
HepG2  nuclear  extracts,  where  n=2. 
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?U£eJ"i;  MCCt  of  TCDD  on  thymidine  incorporation  in  IM-9  and  PJS-91  cells  IM-9 
and  PJS-91  cells  were  cultured  at  1  x  105/ml  in  the  presence  or  absence  of  serum  in  96- 
well  rmcrotitre  plates  with  0.1%  DMSO  as  control  or  0.1-100  nM  TCDD  At  24  48  and 
72  hr,  cell  proliferation  was  measured  by  a  [3H]thymidine  incorporation  assay.  The  results 
shown  are  from  one  representative  experiment.  (A)  IM-9  cell  proliferation.  (B)  PJS-91 
cell  proliferation.  The  upper  and  lower  panel  in  (A)  and  (B)  shows  cell  proliferation  in 
medium  lacking  serum  (no  FBS)  and  in  medium  containing  serum  (+  FBS),  respectively 
Each  point  represents  the  mean  ±  SE  of  triplicate  wells.  Values  significantly  different  from 
control  by  the  Scheffe  F  test  are  denoted  by  an  asterisk  directly  under  the  point.  Note  the 
difference  in  y-axis  scale  between  the  four  panels. 
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Figure  7-2.  Effect  of  TCDD  on  IgG  production  in  IM-9  and  PJS-91  cells.  IM-9  and  PJS- 
91  cells  were  cultured  at  2  x  105/ml  for  48  hr  with  0. 1  %  DMSO  as  control  or  the  indicated 
concentrations  of  TCDD.  IgG  secretion  into  the  medium  was  measured  on  duplicate 
samples  from  each  culture  with  an  ELISA.  The  results  are  expressed  as  the  percentage  of 
control  IgG  in  cell  culture  supernatants  of  TCDD-treated  cultures  relative  to  control  cultures 
The  values  represent  the  mean  ±  SE  of  four  individual  experiments  for  IM-9  and  three 
experiments  for  PJS-91  cells.  IgG  levels  in  control  cell  cultures  were  75  5  +  20  8  and 
279.6  +  183.4  ng/ml  in  IM-9  and  PJS-91  cells,  respectively 


143 


A  T 

CYP1A1  DRE  TGCCCAGGCGTT&cSfafeGAAGGACCGGAG 
CD19-2  GAGAATGGGnrrTGAG|GCGTGJAPrArrr,rTTTrn 
5'Sy2a  GGATCAGAATTGTGA  AlGCGTGjACCAT  AGA  a  an  a  a 


^g"1;6.^  Sequences  of  oligonucleotides  (upper  strand  only)  used  in  this  study.  The 
CYP1A1  DRE  oligonucleotide  contains  an  AhR  binding  site,  underlined,  in  the  5'  flanking 
region  of  the  human  CYP1  Al  gene.  The  mutant  DRE  oligonucleotide  contains  C  to  A  and 
O  to  r  mutations  (arrows)  in  the  AhR  core  binding  site.  The  CD  19-2  and  5'Sy2a 
oligonucleotides  contain  binding  sites  for  BSAP  as  well  as  a  region  of  similarity  to  the 
consensus  binding  sequence  for  the  AhR  (see  text  for  details).  The  BSAP  binding  site 
identified  by  in  vitro  tootprinting  (Kozmik  et  al.,  1992;  Liao  et  al.,  1992)  in  the  CD19-2 
and  5'Sy2a  oligonucleotides  is  underlined.  The  GCGTG  "core"  sequence  critical  for  AhR 
binding  to  the  DRE  (Whitlock,  1993)  and  the  corresponding  region  of  the  CD19-2  and 
5  S-y2a  oligonucleotides  is  boxed. 
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Figure  7-5.  Effect  of  TCDD  treatment  on  steady  state  levels  of  CD19  mRNA  in  IM-9  cells. 
IM-9  cells  (2x  107ml)  were  treated  for  48  hr  with  DMSO  or  25  nM  TCDD  and  poly(A) 
RNA  was  isolated  for  Northern  blot  analysis.  The  blot  was  probed  with  a  human  CD19 
cDNA  (upper  panel),  stripped,  and  reprobed  with  a  p-actin  cDNA  probe  (lower  panel). 
The  size  of  CD  19  and  actin  transcripts  calculated  from  RNA  markers  is  shown  on  the  right. 
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Figure  7-6.  Northern  analysis  of  CD  19  and  c-myc  mRNA  levels  in  IM-9  and  PJS-91  cells 
IM-9  and  PJS-91  cells  were  cultured  at  2  x  105/ml  for  48  hr  with  DMSO  as  control  or  the 
indicated  concentrations  of  TCDD.  Poly(A)+  RNA  (4-10  ug)  was  analyzed  by  northern 
blot  analysis  using  human  CD19,  c-myc.  and  |3-actin  cDNAs.  (A)  Representative  northern 
blot  of  CD19  (upper),  c-Myc  (center),  and  p-actin  (lower)  mRNA  expression.  The  size  of 
mRNA  transcripts  calculated  from  RNA  markers  is  shown  to  the  right  of  each  panel  (B) 
mRNA  transcripts  were  quantitated  by  densitometric  analysis  and  the  level  of  CD  19  (left) 
and  c-myc  (right)  were  normalized  to  p-actin  mRNA  levels.  The  results  are  expressed  as 
the  percentage  of  control  in  TCDD-treated  cultures  relative  to  untreated  cultures  The 
values  represent  the  mean  ±  SE  of  three  independent  determinations. 


Figure  7-7.  Flow  cytometric  analysis  of  CD19  expression  in  IM-9  and  PJS-91  ceils.  IM-9 
and  PJS-91  cells  were  cultured  at  1  x  105/ml  for  72  hr  with  DMSO  as  control  or  100  nM 
TCDD.  The  data  shown  are  from  a  representative  experiment.  The  labels  DMSO  and  100 
nM  TCDD  apply  to  all  four  panels  (vertically).  (A)  Dot  plot  showing  light  scatter 
characteristics  of  control  and  TCDD-treated  IM-9  and  PJS-91  cells  (see  text  for  details). 
(B)  Histograms  of  CD  19  fluorescence  intensity  in  control  and  TCDD-treated  IM-9  and 
PJS-91  cells.  The  y-axis  corresponds  to  the  number  of  cells.  The  histograms  represent 
IgGl  isotype  control  (left  peak)  and  CD  19  (right  peak)  staining  of  the  same  cells  as  shown 
in  (A)  except  that  dead  cells  (measured  by  uptake  of  ethidium  bromide)  were  excluded  from 
analysis.  MFI,  the  ratio  of  CD  19  to  isotype  control  mean  fluorescence  intensity.  %  MFI  < 
100,  the  percentage  of  cells  with  a  mean  CD19  fluorescence  intensity  less  than  100. 
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Figure  7-8.  Quantitation  of  CD  19  expression  by  flow  cytometry  in  TCDD-treated  IM-9 
and  PJS-91  cells.  IM-9  and  PJS-91  cells  were  cultured  for  72  hr  at  1  x  105/ml  with  DMSO 
as  control  or  the  indicated  concentrations  of  TCDD  and  processed  for  immunofluorescence 
staining  and  analysis  by  flow  cytometry.  The  data  are  expressed  as  the  percentage  of 
control  response  in  TCDD-treated  cells  relative  to  control  cells.  MFI.  the  ratio  of  the  mean 
fluorescence  intensity  of  CD  19  staining  relative  to  the  background  staining  with  the  isoype 
control  antibody.  %  MFI  <  100,  the  percentage  of  cells  with  a  mean  CD19  fluorescence 
intensity  less  than  100.  The  values  represent  the  mean  ±  SE  of  three  separate 
determinations  from  distinct  cultures.  The  MFI  ratio  in  control  IM-9  and  PJS-91  cells  was 
38.1  ±  3.5  and  41.3  +  6.8,  respectively.  The  percentage  of  cells  with  a  CD  19  MFI  less 
than  100  in  control  IM-9  and  PJS-91  cells  was  21.1  ±  2.9  and  19.1  ±  7.1,  respectively. 
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Figure  7-9.  Oligonucleotides  containing  BSAP  binding  sites  compete  with  the  CYP1A1 
?T  S).r,br!nding  t0  the  nuclear  AhR  comPlex-  Nuclear  extracts  from  cells  treated  for  2  hr 
rvp,^r\oC°r  2u  nMJCPD  were  analyzed  by  gel  shift  assay  with  the  »P-labeled 
LYPlAl  DRE  probe  and  unlabeled  competitor  oligonucleotides.  Increasing  concentrations 
of  unlabeled  oligonucleotides  were  added  to  nuclear  extracts  before  addition  of  a  fixed 
amount  (0.5  nM,  or  0.6  nM  in  IM-9  nuclear  extracts)  of  32P-labeled  CYP1A1  DRE  probe 
The  concentration  of  unlabeled  CD  19-2  and  5'Sy2a  (in  fold  molar  excess)  was  10-1000 
and  the  CYP1A1  DRE  was  present  in  0.5-50-fold  molar  excess 
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Figure  7-10.  Competition  curves  for  the  CYP1A1  DRE,  mutant  CYP1A1  DRE,  CD19-2, 
and  5'Sy2a  oligonucleotides  in  IM-9  nuclear  extracts.  The  curves  were  generated  with 
values  from  the  same  representative  competitive  gel  shift  assay  shown  in  Fig.  7-9.  The 
IC50  is  the  concentration  of  unlabeled  oligonucleotide  at  which  binding  to  the  DRE  probe  is 
reduced  by  50%  and  was  derived  by  least  squares  linear  regression  analysis  of  the  linear 
portion  of  each  curve. 
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5f  o  n  n  f  protein  binding  to  the  CD19-2  and  5'Sy2a  oligonucleotide  probes  in 
IM-9  cells.  Nuclear  extracts  from  cells  treated  for  2  hr  with  DMSO  or  25  nM  TCDD  were 
tested  by  gel  shift  assay  for  binding  to  the  CYP1A1  DRE,  CD19-2  and  5'Sv2a 
oligonucleotide  probes  (-40,000  cpm,  5  fmoles).   Unlabeled  competitor  oligonucleotides 

^H?T  '"  1f°°"f0lJ1^S1f  eXC£SS  rel3tiVe  t0  the  pr0be-  AhR  or  ARNT  antibodies  were 
added  to  the  preformed  pNA:protein  complexes  for  10  min  prior  to  electrophoresis.  The 
designation  I,  II,  and  III  refer  to  the  three  major  protein:DNA  complexes  (see  text  for 


CHAPTER  8 
CONCLUSIONS  AND  FUTURE  DIRECTIONS 

This  work  addressed  novel  potential  mechanisms  by  which  the  immunotoxic 
compounds  TCDD  and  cocaine  may  interfere  with  lymphocyte  function  and 
responsiveness.  The  conclusions  resulting  from  these  studies,  as  well  as  promising  areas 
for  future  studies,  are  as  follows. 

One  part  of  these  studies  investigated  the  role  of  PRL  as  a  potential  target  for  TCDD 
and  cocaine.  Two  human  B  lymphocyte  cell  lines  were  found  to  produce  several 
intracellular  and  secreted  proteins  that  were  immunochemically  related  to  PRL.  The  results 
of  this  work  did  not  provide  any  evidence  that  TCDD  interfered  with  PRL  or  PRL- 
immmunoreactive  protein  production  in  these  cell  lines.  PRL  may  act  as  an  autocrine  or 
paracrine  growth  factor  for  lymphocytes  in  a  manner  analagous  to  other  cytokines; 
however,  the  exact  role  of  lymphocyte-derived  PRL  and  PRL-like  proteins  awaits  further 
study.  Identification  of  the  regulatory  mechanisms  involved  in  lymphocyte  PRL 
production  will  increase  our  knowledge  of  the  importance  of  this  protein  in  immune 
function  and.  in  future  studies,  other  immunotoxicants  may  be  identified  that  alter 
lymphocyte  PRL  production.  The  studies  in  this  dissertation  also  support  the  conclusion 
that  TCDD  did  not  impair  PRL-stimulated  mitogenesis  in  a  well  characterized  model  for 
PRL  signal  transduction,  the  PRL-dependent  Nb2  T  lymphocyte  cell  line.  Since  many 
different  lymphoid  cell  types  express  the  PRL-R,  however;  TCDD  may  alter  PRL 
responsiveness  in  other  lymphocyte  populations.  Furthermore,  future  studies  aimed  at 
characterizing  the  events  involved  in  PRL  signal  transduction  in  lymphoid  cells  may 
identify  cell  type-  and  species-specific  differences  in  PRL  signalling  that  would  be  affected 
by  TCDD  and  potentially  other  immunotoxicants. 
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The  ability  of  cocaine  to  alter  lymphocyte  production  of  PRL  and  PRL- 
immunoreactive  protein  production  was  investigated  in  an  animal  model  using  pregnant 
rats.   Exposure  to  toxicants  during  gestation  can  have  profound  detrimental  effects  on 
pregnancy  outcome.  One  aspect  that  has  not  been  adequately  characterized  is  the  impact  of 
toxicant-induced  alterations  in  maternal  immune  function  on  fetal  development.  The  studies 
described  here  demonstrated  that  spleen  lymphocytes  from  cocaine-treated  pregnant  animals 
were  significantly  impaired  in  the  production  of  a  mitogen-inducible  Mr  44,000  PRL- 
immunoreactive  protein.  Subsequent  studies  identified  this  protein  as  aldolase  A  (Chapter 
5).    Aldolase  A  is  an  enzyme  in  the  glycolytic  pathway,  and  thus,  increased  levels  of 
aldolase  A  would  be  expected  in  actively  proliferating  cells.   One  future  area  of  study 
would  be  to  determine  if  cocaine  directly  regulates  aldolase  A  levels  in  lymphocytes  or 
possibly  other  cell  types  and  tissues,  or,  alternatively;  whether  lower  levels  of  aldolase  A  in 
lymphocytes  may  be  a  generic  indicator  of  cellular  stress  or  altered  immune  function.  The 
results  of  these  studies  further  showed  that  decreased  production  of  the  Mr  44,000  PRL- 
immunoreactive  protein  in  spleen  lymphocytes  from  cocaine-treated  rats  was  not  correlated 
with  a  change  in  other  immune  parameters  measured,  including  lymphoid  organ  weights 
and  lymphocyte  proliferative  responses.   These  results  were  somewhat  surprising  since 
these  same  parameters  have  previously  been  demonstrated  to  be  altered  by  cocaine  in  mice. 
From  the  results  presented  here,  it  cannot  be  concluded  that  cocaine  is  not  immunotoxic  in 
rats,  and  future  studies  will  determine  if  other  measures  of  immune  function  are  altered  by 
cocaine  exposure  in  rats.   Immunotoxicological  studies  directly  comparing  the  effects  of 
cocaine  and  other  immunotoxicants  on  non-pregnant  and  pregnant  animals  will  determine  if 
pregnancy  leads  to  an  enhanced  or  diminished  susceptibility  to  immunotoxicity. 
Furthermore,  direct  comparisons  between  mice  and  rats  will  identify  which  aspects  of 
immune  function  are  differentially  affected  by  cocaine  in  the  two  species,  and  may  shed 
light  on  the  mechanism  for  this  apparent  species  difference.    If  future  experiments 
determine  that  metabolic  variability  is  a  factor  in  cocaine-induced  immunotoxicity,  this 
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knowledge  will  aid  in  predicting  the  potential  susceptibility  of  humans  to  the 
immunomodulatory  effects  of  this  drug  of  abuse. 

In  Chapter  5,  an  attempt  was  made  to  determine  if  an  intracellular  Mr  44,000  PRL- 
immunoreactive  protein  induced  by  mitogenic  stimulation  in  rat  spleen  lymphocytes  was 
structurally  related  to  PRL.  The  results  of  these  studies  demonstrated  that  by  several 
criteria  this  protein  was  likely  identical  to  the  rat  homologue  of  the  glycolytic  enzyme 
aldolase  A.  Such  a  finding  emphasizes  the  need  to  test  PRL  antibodies  for  cross-reactivity 
with  other  proteins  before  using  them  to  quantitate  PRL  in  biological  samples. 
Additionally,  since  many  of  the  so-called  variants  of  PRL  have  been  identified  by  cross- 
reactivity  with  PRL  antibodies,  studies  should  be  addressed  to  determine  which  of  these 
PRL  variants  are  indeed  structurally  related  to  PRL.  The  identification  of  the  Mr  44,000 
mitogen  inducible  PRL-immunoreactive  protein  in  rat  spleen  lymphocytes  as  aldolase  A 
does  not  necessarily  imply  that  lymphocyte  PRL-like  proteins  with  similar  apparent 
molecular  weight  observed  by  other  laboratories  are  also  aldolase  A.  This  is  especially 
pertinent  since  other  studies  have  examined  PRL-immunoreactive  proteins  in  murine 
splenocytes. 

The  second  part  of  this  work  utilized  the  IM-9  and  PJS-9 1  human  B  lymphocyte 
cell  lines  as  a  model  system  for  examining  potential  mechanisms  by  which  TCDD  affects 
human  B  cell  function.  The  results  showed  that  IM-9  and  PJS-9 1  expressed  the  AhR  and 
ARNT,  the  two  components  of  the  functional  AhR  complex.  Furthermore,  gel  mobility 
shift  analysis  demonstrated  that  the  AhR  complex  in  IM-9  and  PJS-9 1  cells  was  functional 
with  respect  to  DNA-binding  activity.  Although  TCDD  treatment  was  unable  to  induce 
CYP1A1  in  IM-9  cells,  TCDD  did  induce  CYPI  Al  at  both  the  mRNA  and  protein  levels  in 
PJS-91  cells.  The  reason  for  the  lack  of  CYP1A1  induction  in  IM-9  cells  remains 
unknown,  but  does  not  appear  to  be  due  to  an  absence  of  the  AhR  or  ARNT  protein  or  to 
an  impairment  in  the  DNA-binding  activity  of  the  AhR  complex.  There  are  other  possible 
mechanisms  which  would  account  for  the  lack  of  induction  of  CYP1A1  in  IM-9  cells, 
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including  a  direct  transcriptional  repression  of  the  CYP1A1  gene  or  a  repression  of  the 
transactivation  function  of  the  AhR  complex. 

Another  interesting  finding  of  these  studies  was  that  the  DNA-binding  form  of  the 
cytosolic  AhR  complex  in  IM-9,  PJS-91.  and  HepG2  cells  was  identical  in  gel  mobility 
shift  assays,  yet,  the  nuclear  AhR  complex  in  IM-9  and  PJS-91  cells  was  clearly  distinct 
from  the  HepG2  nuclear  AhR  complex.  A  crucial  part  of  understanding  the  function  of  the 
AhR  in  cell  types  other  than  those  of  hepatic  origin  is  to  identify  possible  tissue-specific 
AhR  complex-associated  proteins.  The  results  presented  here  provide  evidence  for  a 
distinct  DNA-binding  form  of  the  AhR  complex,  but  do  not  conclusively  demonstrate  that 
the  AhR  complex  in  IM-9  and  PJS-9 1  cells  is  composed  of  other  proteins  in  addition  to  the 
AhR  and  ARNT.  Future  characterization  of  the  AhR  complex  in  a  variety  of  cell  types  will 
determine  if  indeed  the  AhR  and  ARNT  associated  with  other  proteins  have  regulatory 
functions  in  addition  to  those  previously  documented. 

The  presence  of  the  AhR  complex  in  the  nucleus  in  the  absence  of  TCDD  activation 
implies  a  critical  cellular  function  for  either  the  Arn  r  ARNT  or  both.  Current  evidence 
does  not  provide  any  reasonable  basis  for  explaining  this  phenomenon.  The  presence  of 
the  AhR  complex  in  the  nucleus  in  the  absence  of  TCDD  activation  has  been  reported  in 
several  different  cell  types  and  tissues,  and  does  not  appear  to  be  exclusive  to  transformed 
cell  lines.  One  possibility  is  that  the  AhR  has  unique  functions  in  different  tissues.  It  has 
long  been  proposed  that  there  is  an  endogenous  ligand  for  the  AhR  which  would  explain 
why  the  AhR  is  sometimes  detected  in  the  nucleus  in  the  absence  of  TCDD  (or  an 
alternative  exogenous  ligand)  exposure.  An  alternative  hypothesis  is  that  the  AhR  is 
regulated  by  as  yet  unknown  cellular  processes  (e.g.  redox  conditions  or  at  different  stages 
of  the  cell  cycle),  which  would  trigger  translocation  to  the  nucleus  where  it  performs  a 
critical  cellular  function.  The  presence  of  the  AhR  complex  in  the  nucleus  also  has 
implications  for  determining  the  responsiveness  of  a  given  cell  type  to  TCDD.  Current 
evidence  suggests  that  the  hsp90-dissociated  form  of  the  AhR  does  not  bind  ligand  but 
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does  have  constitutive  DNA-binding  activity.  This  would  imply  that  the  constitutive  DNA- 
binding  form  of  the  nuclear  AhR  complex  may  no  longer  he  responsive  to  ligand.  If  this  is 
the  case,  will  TCDD  still  have  an  effect  on  the  cell?  This  becomes  especially  complicated  if 
all  or  a  portion  of  the  total  cellular  AhR  complex  exists  in  the  nucleus.  Possibly  only  newly 
synthesized  AhR  protein  will  be  capable  of  being  activated  by  ligand,  so  that  the  time  of 
exposure  to  TCDD  becomes  critical.  When  intracellular  processes  "activate"  the  AhR,  the 
cell  will  be  refractory  to  TCDD  treatment.  Future  studies  should  be  aimed  at  determining  if 
TCDD  is  able  to  regulate  the  function  of  the  constitutive  DNA-binding  form  of  the  AhR 
complex,  perhaps  by  stimulating  a  transcriptional  activation  function. 

The  induction  of  CYP1A1  has  been  widely  used  as  a  measure  of  TCDD 
responsiveness.  The  interesting  findings  presented  here  regarding  the  AhR  complex  in 
human  B  lymphocyte  cell  lines,  together  with  the  work  of  others  demonstrating  the  lack  of 
CYP1A1  induction  by  TCDD  in  cells  expressing  an  apparently  functional  AhR  complex 
(Okey  et  al.,  1980;  Thomsen  et  al.,  1991;  Gradin  et  al.,  1993;  Thomsen  et  al.,  1994)  has 
several  implications  for  determining  cellular  responsiveness  to  TCDD.  First,  the  presence 
of  the  AhR  complex  does  not  dictate  whether  CYP1A1  will  be  induced  in  a  given  cell  type. 
Second,  induction  of  CYPIA1  may  not  be  a  reliable  indicator,  or  discriminator,  of  whether 
or  not  a  cell  is  responsive  to  TCDD.  In  other  words,  the  lack  of  induction  of  CYP1  Al 
does  not  necessarily  mean  that  a  cell  would  not  respond  to  TCDD.  Thus,  the  presence  of 
the  AhR  complex  will  also  not  determine  if  a  cell  will  respond  to  TCDD  at  all  (assuming  an 
AhR  mediated  response).  A  useful  analogous  system  would  be  cell  surface  hormone 
receptors.  In  this  case,  ligand  binding  initiates  a  series  of  events,  which  can  be  measured 
as  a  means  of  determining  whether  the  cell  contains  a  functional  receptor-mediated  signal 
transduction  pathway  and  is  responding  to  the  hormone.  In  the  case  of  the  AhR  complex 
(and  by  analogy,  other  nuclear  hormone  receptors),  the  methodology  does  not  curently 
exist  to  conclusively  measure  the  cellular  response  initiated  by  activation  of  these  receptors. 
For  example,  the  obvious  response  to  measure  for  receptors  which  are  transcription  factors 
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is  regulation  of  gene  expression,  either  an  endogenous  gene  or  an  artificial  gene  delivered 
inside  the  cell  (i.e.  reporter  gene  constructs).  Gene  expression  is  a  coordinated  effort 
between  many  different  regulatory  factors  at  several  levels,  such  that  a  negative  result  when 
examining  gene  expression  does  not  mean  that  other  genes  will  not  be  regulated  by  the 
same  receptor  complex  within  a  given  cell.  For  the  AhR  complex,  in  the  absence  of 
CYP1A1  induction  or  another  presently  unidentified  measure  of  cellular  responsiveness  to 
TCDD,  the  question  arises  of  whether  the  AhR  is  truly  "functional"  with  respect  to 
transcriptional  activity. 

To  our  knowledge,  these  studies  are  the  first  to  examine  the  effect  of  TCDD  on 
proliferation  and  immunoglobulin  production  in  lymphocyte  cell  lines.  The  effort  to  use 
IM-9  and  PJS-91  cells  to  examine  the  mechanism  by  which  TCDD  inhibits  cell  proliferation 
and  immunoglobulin  production  in  B  lymphocytes  was  not  feasible  because  these 
parameters  were  not  altered  by  TCDD  treatment  in  IM-9  and  PJS-91  cells.  One  possible 
reason  for  the  lack  of  effect  of  TCDD  on  these  parameters  is  that  TCDD  may  interfere  only 
with  early  events  in  antigen-  and  mitogen-  stimulated  B  cell  activation  and  differentiation. 
IM-9  and  PJS-91  cells  are  already  committed  to  proliferation  and  immunoglobulin 
production  and  the  lack  of  effect  of  TCDD  on  these  parameters  suggests  that  TCDD  does 
not  alter  events  after  B  lymphocytes  have  committed  to  differentiate.  Another  possibility  is 
that  signal  transduction  leading  to  immunoglobulin  production  are  bypassed  in  transformed 
cell  lines  since  both  proliferation  and  immunoglobulin  production  are  constitutively  turned 
"on".  In  this  case,  it  is  quite  possible  no  transformed  or  immortalized  human  B  cell  line 
would  prove  suitable  as  a  model  for  TCDD-mediated  alteration  of  B  cell  function,  and  it 
would  be  necessary  to  use  normal  B  lymphocyes  obtained  from  human  tissue. 
Alternatively,  it  may  be  possible  to  use  human  B  lymphocyte  cell  lines  in  which 
proliferation,  or  immunoglobulin  production  or  isotype  switching  can  be  induced  in  culture 
by  cytokines  or  other  factors. 
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In  these  studies,  TCDD  was  found  to  decrease  CD  19  gene  expression  in  IM-9  cells 
expressing  low  levels  of  CD  19  mRNA,  while  CD  19  gene  expression  was  increased  by 
TCDD  in  PJS-91  cells  expressing  high  levels  of  this  mRNA.  Flow  cytometry  experiments, 
however,  were  unable  to  show  that  TCDD  altered  CD  19  protein  expression  in  either  IM-9 
or  PJS-91  cells.  One  possibility  for  this  is  that  the  magnitude  of  effect  of  TCDD  on  mRNA 
levels  was  not  sufficient  to  lead  to  an  alteration  in  CD  19  protein  levels.  Another  possibility 
suggested  by  the  data  would  be  that  TCDD  may  only  affect  CD  19  gene  expression  in  a 
certain  population  of  cells,  and  that,  when  CD  19  protein  was  measured,  these  cell  lines  had 
become  refractory  to  the  the  effects  of  TCDD.  Alternatively,  TCDD  may  alter  CD19  gene 
expression  indirectly  by  an  effect  on  cell  differentiation.  With  respect  to  the  potential 
mechanism  of  TCDD-mediated  alteration  in  CD  19  expression,  future  studies  should  be 
addressed  at  examination  of  whether  the  AhR  complex  binds  in  vivo  to  the  DRE-like 
sequences  in  the  CD  19  gene  and,  additionally,  if  the  AhR  complex  intereferes  with  BSAP 
binding  to  DNA  binding  sites  in  the  CD19  gene  in  vivo.  The  function  of  CD19  as  a  signal 
transducing  molecule  throughout  B  lymphocyte  ontogeny  implies  that  regulation  of  CD19 
expression  may  be  critical  in  maintaining  B  cell  function.  An  important  direction  for  future 
studies  is  to  determine  whether  TCDD  regulates  CD19  expression  in  normal  B 
lymphocytes,  and  if  regulation  of  CD  19  expression  indeed  plays  a  role  in  the  humoral 
immunotoxicity  of  TCDD. 

An  important  part  of  identifying  the  mechanisms  by  which  TCDD  alters  B 
lymphocyte  function  lies  in  a  determination  of  whether  all  B  cells  or  only  B  cells  at  certain 
stages  of  differentiation,  or  certain  subpopulations  of  B  cells  are  susceptible  to  the  effects 
of  TCDD.  Identification  of  the  mechanism  of  TCDD-mediated  disruption  of  B  cell  function 
will  most  certainly  lead  to  a  greater  understanding  of  the  health  risks  associated  with  TCDD 
exposure  in  human  populations,  as  well  as  to  the  design  of  accurate  methods  to  define  and 
quantitate  such  health  risks.  The  knowledge  attained  by  such  studies  will  be  applicable  to 
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the  assessment  of  the  human  immunotoxicity  of  other  xenobiotics,  and  will  significantly 
contribute  to  the  improvement  of  the  discipline  of  immunotoxicology. 
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